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Abstract
The high rates of energy consumption by schools are mainly caused by inappropriate
designs of architectural forms and limited access to free energy resources that can be
provided by natural lighting and ventilation. Optimizing the architectural form with
regards to its geometry, aspect ratio, spatial height to depth proportion, form
direction, spacing between building masses can help to improve connection to the
outdoor environment including daylight, air and outdoor greenery. The optimized
form can help not only to save energy but also to create educational environments that
are more lively and cheerful; and hence improve students’ performance, health and
attitude. Investigating optimum architectural forms that help to consider natural
lighting and contribute in reducing carbon emissions through limited use of energy
consumption is tackled in this thesis. The main focus is performance improvement of
the learning communities (i.e., the learning unit) that Abu Dhabi Department of
Education and Knowledge (ADEK) adopts in all its new school model designs
(NSM). The undertaken investigations are based on Abu Dhabi environmental
conditions and take into consideration current design practices in Abu Dhabi schools,
ADEK school design requirements, and Estidama green building rating system and
guidelines. The investigation depends mainly on experimental methodology using
computer simulation in addition to other methods conducted at the outset to collect
data such as documents' surveying, interviews, and design data gathering and
analysis. The analysis of the results shows significance of form verticality (i.e. higher
number of floors) and compactness in reducing energy requirements and greenhouse
gas emissions levels. The provided in-depth discussions reveal the complex
interrelationships between the design and performance variables. The behaviors of
these variables are modeled with governing equation as a main outcome of this thesis.
Another important outcome is the graphical representations of the results; which are
introduced in a manner that can directly help architects and decision makers to design
low energy low carbon schools.
Keywords: Energy consumption, school, building form, relative compactness, aspect
ratio, Form direction, window to wall ratio, New School Model.
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)Title and Abstract (in Arabic

ﺗﺄﺛﻴﯿﺮﺷﻜﻞ ﺍاﻟﻤﺒﻨﻰ ﻋﻠﻰ ﺍاﺳﺘﻬﮭﻼﻙك ﺍاﻟﻄﺎﻗﺔ ﻓﻲ ﻧﻤﻮﺫذﺝج ﺍاﻟﻤﺪﺍاﺭرﺱس ﺍاﻟﺠﺪﻳﯾﺪﺓة ﻷﺑﻮﻅظﺒﻲ
ﺍاﻟﻤﻠﺨﺺ

ﺗﺮﺟﻊ ﺍاﻟﻤﻌﺪﻻﺕت ﺍاﻟﻤﺮﺗﻔﻌﺔ ﻻﺳﺘﻬﮭﻼﻙك ﺍاﻟﻄﺎﻗﺔ ﻣﻦ ﻗﺒﻞ ﺍاﻟﻤﺪﺍاﺭرﺱس ﺃأﺳﺎﺳﺎ ﺇإﻟﻰ ﺍاﻟﺘﺼﺎﻣﻴﯿﻢ ﻏﻴﯿﺮ ﺍاﻟﻤﻼﺋﻤﺔ
ﻟﻸﺷﻜﺎﻝل ﺍاﻟﻤﻌﻤﺎﺭرﻳﯾﺔ ﻭوﻣﺤﺪﻭوﺩدﻳﯾﺔ ﻓﺮﺹص ﺍاﻟﺤﺼﻮﻝل ﻋﻠﻰ ﻣﻮﺍاﺭرﺩد ﺍاﻟﻄﺎﻗﺔ ﺍاﻟﺤﺮﺓة ﺍاﻟﺘﻲ ﻳﯾﻤﻜﻦ ﺃأﻥن ﺗﻮﻓﺮﻫﮬﮪھﺎ
ﺍاﻹﺿﺎءﺓة ﻭوﺍاﻟﺘﻬﮭﻮﻳﯾﺔ ﺍاﻟﻄﺒﻴﯿﻌﻴﯿﺔ .ﺗﺤﺴﻴﯿﻦ ﺍاﻟﺸﻜﻞ ﺍاﻟﻤﻌﻤﺎﺭرﻱي ﻓﻴﯿﻤﺎ ﻳﯾﺘﻌﻠﻖ ﺑﻬﮭﻨﺪﺳﺘﻪﮫ ،٬ﻧﺴﺒﺔ ﺍاﻻﺭرﺗﻔﺎﻉع ﺍاﻟﻤﻜﺎﻧﻲ
ﺇإﻟﻰ ﺍاﻟﻌﻤﻖ ,ﺍاﻻﺗﺠﺎﻩه ,ﻭوﺍاﻟﺘﺒﺎﻋﺪ ﺑﻴﯿﻦ ﻛﺘﻞ ﺑﻨﺎء ﻳﯾﻤﻜﻦ ﺃأﻥن ﻳﯾﺴﺎﻋﺪ ﻋﻠﻰ ﺗﺤﺴﻴﯿﻦ ﺍاﻻﺗﺼﺎﻝل ﻣﻊ ﺍاﻟﺒﻴﯿﺌﺔ ﺑﻤﺎ ﻓﻲ
ﺫذﻟﻚ ﺿﻮء ﺍاﻟﻨﻬﮭﺎﺭر ﻭوﺍاﻟﻬﮭﻮﺍاء .ﺍاﻟﺸﻜﻞ ﺍاﻷﻣﺜﻞ ﻳﯾﻤﻜﻦ ﺃأﻥن ﻳﯾﺴﺎﻋﺪ ﻟﻴﯿﺲ ﻓﻘﻂ ﻓﻲ ﺗﻮﻓﻴﯿﺮ ﺍاﻟﻄﺎﻗﺔ ﻭوﻟﻜﻦ ﺃأﻳﯾﻀﺎ
ﻓﻲ ﺧﻠﻖ ﺑﻴﯿﺌﺎﺕت ﺍاﻟﺘﻌﻠﻴﯿﻤﻴﯿﺔ ﺃأﻛﺜﺮ ﺣﻴﯿﻮﻳﯾﺔ ﻭوﺑﻬﮭﺠﺔ ﻭوﺑﺎﻟﺘﺎﻟﻲ ﺗﺤﺴﻴﯿﻦ ﺃأﺩدﺍاء ﺍاﻟﻄﻼﺏب ﻭوﺻﺤﺘﻬﮭﻢ .ﻳﯾﺘﻢ ﻓﻲ ﻫﮬﮪھﺬﻩه
ﺍاﻷﻁطﺮﻭوﺣﺔ ﺍاﻟﺒﺤﺚ ﻓﻲ ﺍاﻷﺷﻜﺎﻝل ﺍاﻟﻤﻌﻤﺎﺭرﻳﯾﺔ ﺍاﻟﻤﺜﻠﻰ ﺍاﻟﺘﻲ ﺗﺰﻳﯾﺪ ﻣﻦ ﺍاﻻﻋﺘﻤﺎﺩد ﻋﻠﻰ ﺍاﻹﺿﺎءﺓة ﺍاﻟﻄﺒﻴﯿﻌﻴﯿﺔ
ﻭوﺗﺴﺎﻋﺪ ﻋﻠﻰ ﺍاﻟﺤﺪ ﻣﻦ ﺍاﻧﺒﻌﺎﺛﺎﺕت ﺍاﻟﻜﺮﺑﻮﻥن ﻣﻦ ﺧﻼﻝل ﺍاﻻﺳﺘﻬﮭﻼﻙك ﺍاﻟﻤﺤﺪﻭوﺩد ﻟﻠﻄﺎﻗﺔ .ﻳﯾﺘﻤﺜﻞ ﺍاﻟﺘﺮﻛﻴﯿﺰ
ﺍاﻟﺮﺋﻴﯿﺴﻲ ﻟﻬﮭﺬﺍا ﺍاﻟﺒﺤﺚ ﻓﻲ ﺗﺤﺴﻴﯿﻦ ﺃأﺩدﺍاء ﻭوﺣﺪﺍاﺕت ﺍاﻟﺘﻌﻠﻴﯿﻢ ﺍاﻟﺘﻲ ﻳﯾﻌﺘﻤﺪﻫﮬﮪھﺎ ﻣﺠﻠﺲ ﺃأﺑﻮﻅظﺒﻲ ﻟﻠﺘﻌﻠﻴﯿﻢ ﻓﻲ ﺟﻤﻴﯿﻊ
ﻧﻤﺎﺫذﺟﻪﮫ ﺍاﻟﺠﺪﻳﯾﺪﺓة  .ﻭوﺗﺴﺘﻨﺪ ﺍاﻟﺘﺤﻘﻴﯿﻘﺎﺕت ﺍاﻟﺘﻲ ﺃأﺟﺮﻳﯾﺖ ﻋﻠﻰ ﺍاﻟﻈﺮﻭوﻑف ﺍاﻟﺒﻴﯿﺌﻴﯿﺔ ﻓﻲ ﺃأﺑﻮﻅظﺒﻲ ،٬ﻭوﺗﺄﺧﺬ ﺑﻌﻴﯿﻦ
ﺍاﻻﻋﺘﺒﺎﺭر ﻣﻤﺎﺭرﺳﺎﺕت ﺍاﻟﺘﺼﻤﻴﯿﻢ ﺍاﻟﺤﺎﻟﻴﯿﺔ ﻓﻲ ﻣﺪﺍاﺭرﺱس ﺃأﺑﻮﻅظﺒﻲ ،٬ﻭوﻣﺘﻄﻠﺒﺎﺕت ﺍاﻟﺘﺼﻤﻴﯿﻢ ﺍاﻟﻤﺪﺭرﺳﻴﯿﺔ ﻟﻤﺠﻠﺲ
ﺃأﺑﻮﻅظﺒﻲ ﻟﻠﺘﻌﻠﻴﯿﻢ ،٬ﻭوﻧﻈﺎﻡم ﺗﻘﻴﯿﻴﯿﻢ ﺍاﻟﻤﺒﺎﻧﻲ ﺍاﻟﺨﻀﺮﺍاء ﺑﺎﻟﻨﺴﺒﺔ ﻟﺒﺮﻧﺎﻣﺞ ﺍاﺳﺘﺪﺍاﻣﺔ .ﻳﯾﻌﺘﻤﺪ ﺍاﻟﺘﺤﻘﻴﯿﻖ ﺃأﺳﺎﺳﺎ ﻋﻠﻰ
ﺍاﻟﻤﻨﻬﮭﺠﻴﯿﺔ ﺍاﻟﺘﺠﺮﻳﯾﺒﻴﯿﺔ ﺑﺎﺳﺘﺨﺪﺍاﻡم ﺍاﻟﻤﺤﺎﻛﺎﺓة ﺍاﻟﺤﺎﺳﻮﺑﻴﯿﺔ ﺑﺎﻹﺿﺎﻓﺔ ﺇإﻟﻰ ﻁطﺮﻕق ﺃأﺧﺮﻯى ﺃأﺟﺮﻳﯾﺖ ﻓﻲ ﺍاﻟﺒﺪﺍاﻳﯾﺔ
ﻟﺠﻤﻊ ﺍاﻟﺒﻴﯿﺎﻧﺎﺕت ﻣﺜﻞ ﻣﺴﺢ ﺍاﻟﻮﺛﺎﺋﻖ ﻭوﺍاﻟﻤﻘﺎﺑﻼﺕت ﻭوﺟﻤﻊ ﺑﻴﯿﺎﻧﺎﺕت ﺍاﻟﺘﺼﻤﻴﯿﻢ ﻭوﺗﺤﻠﻴﯿﻠﻬﮭﺎ .ﻭوﺃأﻅظﻬﮭﺮ ﺗﺤﻠﻴﯿﻞ
ﺍاﻟﻨﺘﺎﺋﺞ ﺃأﻫﮬﮪھﻤﻴﯿﺔ ﺍاﻟﺸﻜﻞ ﺍاﻟﺮﺃأﺳﻲ )ﺃأﻱي ﺍاﺭرﺗﻔﺎﻉع ﻋﺪﺩد ﺍاﻟﻄﻮﺍاﺑﻖ( ﻭوﺍاﻟﻀﻐﻂ ﻓﻲ ﺍاﻟﺤﺪ ﻣﻦ ﻣﺘﻄﻠﺒﺎﺕت ﺍاﻟﻄﺎﻗﺔ
ﻭوﻣﺴﺘﻮﻳﯾﺎﺕت ﺍاﻧﺒﻌﺎﺛﺎﺕت ﺍاﻟﻐﺎﺯزﺍاﺕت ﺍاﻟﺪﻓﻴﯿﺌﺔ .ﻭوﺗﻜﺸﻒ ﺍاﻟﻤﻨﺎﻗﺸﺎﺕت ﺍاﻟﻤﺘﻌﻤﻘﺔ ﺍاﻟﻤﻘﺪﻣﺔ ﻋﻦ ﺍاﻟﻌﻼﻗﺎﺕت ﺍاﻟﻤﺘﺒﺎﺩدﻟﺔ
ﺍاﻟﻤﻌﻘﺪﺓة ﺑﻴﯿﻦ ﻣﺘﻐﻴﯿﺮﺍاﺕت ﺍاﻟﺘﺼﻤﻴﯿﻢ ﻭوﺍاﻷﺩدﺍاء .ﻭوﺗﻤﺖ ﺻﻴﯿﺎﻏﺔ ﺳﻠﻮﻛﻴﯿﺎﺕت ﻫﮬﮪھﺬﻩه ﺍاﻟﻤﺘﻐﻴﯿﺮﺍاﺕت ﻣﻊ ﻣﻌﺎﺩدﻻﺕت؛
ﻭوﻫﮬﮪھﺬﺍا ﻳﯾﻤﻜﻦ ﺍاﻋﺘﺒﺎﺭرﻩه ﺍاﻟﻨﺘﻴﯿﺠﺔ ﺍاﻟﺮﺋﻴﯿﺴﻴﯿﺔ ﻟﻬﮭﺬﻩه ﺍاﻷﻁطﺮﻭوﺣﺔ .ﻭوﻣﻦ ﺍاﻟﻨﺘﺎﺋﺞ ﺍاﻟﻬﮭﺎﻣﺔ ﺍاﻷﺧﺮﻯى ﺍاﻟﺘﻤﺜﻴﯿﻞ ﺍاﻟﺒﻴﯿﺎﻧﻲ
ﻟﻠﻨﺘﺎﺋﺞ؛ ﻭوﺍاﻟﺘﻲ ﻳﯾﺘﻢ ﺗﻘﺪﻳﯾﻤﻬﮭﺎ ﺑﻄﺮﻳﯾﻘﺔ ﻳﯾﻤﻜﻦ ﺃأﻥن ﺗﺴﺎﻋﺪ ﻣﺒﺎﺷﺮﺓة ﺍاﻟﻤﻬﮭﻨﺪﺳﻴﯿﻦ ﺍاﻟﻤﻌﻤﺎﺭرﻳﯾﻴﯿﻦ ﻭوﺻﻨﺎﻉع ﺍاﻟﻘﺮﺍاﺭر
ﻟﺘﺼﻤﻴﯿﻢ ﺍاﻟﻤﺪﺍاﺭرﺱس ﻣﻨﺨﻔﻀﺔ ﺍاﻟﻄﺎﻗﺔ ﻭوﺍاﻟﻜﺮﺑﻮﻥن.
ﻣﻔﺎﻫﮬﮪھﻴﯿﻢ ﺍاﻟﺒﺤﺚ ﺍاﻟﺮﺋﻴﯿﺴﻴﯿﺔ :ﺍاﺳﺘﻬﮭﻼﻙك ﺍاﻟﻄﺎﻗﺔ ,ﻣﺠﻠﺲ ﺃأﺑﻮﻅظﺒﻲ ﻟﻠﺘﻌﻠﻴﯿﻢ ,ﺍاﻟﻤﺪﺍاﺭرﺱس ,ﺷﻜﻞ ﺍاﻟﻤﺒﻨﻰ,
ﺍاﻟﻀﻐﻂ ,ﺍاﺭرﺗﻔﺎﻉع ﺍاﻟﻤﺒﻨﻰ ,ﺍاﻻﺿﺎءﺓة.

viii

Acknowledgements
My thanks go to my advisor professor Khaled A. Al-Sallal who has been the
ideal instructor to me through this research. My gratitude to all the efforts he gave to
complete this work as perfect as possible.
I would like to thank the chair and all members of the Department of
architectural engineering at the United Arab Emirates University for assisting me all
over my studies and research. My special thanks are extended to the ADEK staff for
providing me with the required data.
Special thanks to my parents Prof. Ahmed Rahmani and Zakia Rahmani for
all the support and efforts they made for me during all my life stages, my sisters
Sana, Hourya, and Asma, my brothers Sif, Khalil, Mohammed, and Soufiane, and
definitely my friends who supported me along the way.

ix

Dedication

To my beloved parents, family, and friends.

x

Table of Contents
Title ..................................................................................................................................... i	
  
Declaration of Original Work ............................................................................................ ii	
  
Copyright ..........................................................................................................................iii	
  
Approval of the Master Thesis.......................................................................................... iv	
  
Abstract ............................................................................................................................. vi	
  
Title and Abstract (in Arabic) .......................................................................................... vii	
  
Acknowledgements .........................................................................................................viii	
  
Dedication ......................................................................................................................... ix	
  
Table of Contents ............................................................................................................... x	
  
List of Tables ................................................................................................................... xii	
  
List of Figure................................................................................................................... xvi	
  
List of Abbreviations ..................................................................................................... xxii	
  
Chapter 1: Introduction and Background ........................................................................... 1	
  
1.1	
   Introduction ...................................................................................................... 1	
  
1.1.1	
  Overview .................................................................................................. 1	
  
1.1.2	
  Statement of the problem ......................................................................... 5	
  
1.1.3	
  The objectives of this research ................................................................. 6	
  
1.1.4	
  Scope and limitations ............................................................................... 7	
  
1.2	
  Background ...................................................................................................... 8	
  
1.2.1	
  Overview .................................................................................................. 8	
  
1.2.2	
  United Arab Emirates climate .................................................................. 8	
  
1.2.3	
  ADEK’s new vision for schools ............................................................. 11	
  
1.2.4	
  ADEK’s standards for school design. .................................................... 15	
  
Chapter 2: Relevant Literature ......................................................................................... 19	
  
2.1	
  Introduction .................................................................................................... 19	
  
2.2	
  Energy breakdown in schools ........................................................................ 21	
  
2.3	
  Impact of type of glazing and window size on energy consumption ............. 24	
  
2.4	
  Impact of courtyards on energy consumption ................................................ 31	
  
2.5	
  Impact of form direction on energy consumption .......................................... 35	
  
2.6	
  Impact of building form on energy consumption........................................... 39	
  
Chapter 3: Methods .......................................................................................................... 44	
  
3.1	
  Initial data collection and analysis ................................................................. 44	
  
3.2	
  Survey of ADEK schools ............................................................................... 45	
  
3.3	
  ADEK case studies analysis ........................................................................... 51	
  
3.4	
  Experimental design ....................................................................................... 71	
  
3.4.1	
  Experiment-1 .......................................................................................... 73	
  
3.4.2	
  Experiment-2 .......................................................................................... 77	
  
3.5 Results and discussion. .................................................................................. 88	
  
Chapter 4: Experiment-1 (Cases’ Arrangements and Results) ........................................ 91	
  
4.1	
  Phase one........................................................................................................ 93	
  
4.1.1	
  Cases’ arrangements............................................................................... 93	
  

xi
4.1.2	
  Cases’ results .......................................................................................... 99	
  
4.2	
  Phase two ..................................................................................................... 104	
  
4.2.1	
  East-West form axis direction .............................................................. 105	
  
4.2.2	
  Cases’ results ........................................................................................ 106	
  
4.2.3	
  North-South form axis direction .......................................................... 111	
  
4.2.4	
  Cases’ results ........................................................................................ 112	
  
Chapter 5: Experiment-2 (Cases’ Arrangements and Results) ...................................... 117	
  
5.1	
  Overview ...................................................................................................... 117	
  
5.2	
  First group (cases sharing E-W form axis direction and 0 WWR) .............. 120	
  
5.2.1	
  Cases’ arrangements, (Group1) ............................................................ 120	
  
5.2.2	
  Cases’ results, (Group1) ....................................................................... 124	
  
5.3	
  Second group (cases sharing N-S form axis direction and 0 WWR) ........... 131	
  
5.3.1	
  Cases’ arrangements, (Group 2) ........................................................... 131	
  
5.3.2 Cases’ results (Group 2) ....................................................................... 136	
  
5.4	
  Third group (cases sharing E-W form axis direction and 20 WWR)........... 143	
  
5.4.1	
  Cases’ arrangements, (Group 3) ........................................................... 143	
  
5.4.2 Cases’ results, (Group 3) ...................................................................... 147	
  
5.5	
  Fourth group (cases sharing N-S form axis direction and 20 WWR) .......... 154	
  
5.5.1	
  Cases’ arrangements, (Group 4) ........................................................... 155	
  
5.5.2 Cases’ results, (Group 4) ...................................................................... 159	
  
5.6	
  Fifth group (cases sharing E-W form axis direction and 40 WWR) ............ 166	
  
5.6.1	
  Cases’ arrangements, (Group 5) ........................................................... 166	
  
5.6.2 Cases’ results, (Group 5) ...................................................................... 170	
  
5.7	
  Sixth group (cases sharing N-S form axis direction and 40 WWR) ............ 178	
  
5.7.1	
  Cases’ arrangements, (Group 6) ........................................................... 178	
  
5.7.2 Cases’ results, (Group 6) ...................................................................... 182	
  
Chapter 6: Discussion .................................................................................................... 190	
  
Chapter 7: Conclusion.................................................................................................... 213	
  
References ...................................................................................................................... 215	
  
Appendix-1 .................................................................................................................... 220	
  
Appendix-2 .................................................................................................................... 227	
  

xii

List of Tables
Table 1: Building standards abbreviation required by governmental
authorities. ........................................................................................16	
  
Table 2: The requirements for heat transmission, solar reflectance
index (SRI), and envelope air infiltration ........................................18
Table 3: Results of public school survey in Abu Dhabi and Al Ain
cities..................................................................................................46	
  
Table 4: The most frequent school forms in Abu Dhabi and Al Ain
cities. ...............................................................................................50	
  
Table 5:Al Jood school profile.......................................................................52	
  
Table 6: Al Jood school space program .........................................................54	
  
Table 7: Al Jood common areas program ......................................................55	
  
Table 8: Al Jood Learning community space program ..................................55	
  
Table 9: Al Sammalia school profile .............................................................56	
  
Table 10: Al Sammalia school space program ..............................................59	
  
Table 11: Al Sammalia learning community space program.........................59	
  
Table 12: Al Sammalia common areas space program ..................................59	
  
Table 13: Al Showaib school profile .............................................................60	
  
Table 14: Al Showaib space program ............................................................62	
  
Table 15: Al Showaib learning community space program...........................62	
  
Table 16: Al Showaib common areas space program ....................................63	
  
Table 17: Al Falah school profile ..................................................................63	
  
Table 18: Al Falah space program .................................................................66	
  
Table 19: Al Falah common areas space program .........................................67	
  
Table 20: Al Falah learning community space program ................................67	
  
Table 21: LC forms’ proportion (length to width) of the case
studies ............................................................................................68	
  
Table 22: Al Jood school window to wall ratio calculations .........................69	
  
Table 23: Al Falah school window to wall ratio calculations........................70	
  
Table 24: Relative compactness calculation of Experiment-2 .......................89	
  
Table 25: Verticality and horizontality calculation of Experiment-2 ............90	
  
Table 26: Cases of phase one, Experimen-1, Courtyard 10 m.......................94	
  
Table 27: Cases of phase one, Experimen-1, Courtyard 15 m.......................95	
  
Table 28: Cases of phase one, Experimen-1, Courtyard 20 m.......................96	
  
Table 29: Cases of phase one, Experimen-1, Courtyard 25 m.......................97	
  
Table 30: Cases of phase one, Experimen-1, Courtyard 30 m.......................98	
  
Table 31: Energy consumption results of phase one, Experiment-1. ............99	
  
Table 32: The difference in performance between LC-5 and LC-1
expressed in MJ/m2.y with the different courtyard
combinations. ................................................................................100	
  
Table 33: The difference in performance between C10 and C30
expressed in MJ/m2.y with the different LC
combinations ................................................................................100	
  
Table 34: CO2 results of phase one, Experiment-1 ........................................101	
  
Table 35: SO2 results of phase one, Experiment-1.........................................102	
  
Table 36: NOX results of phase one, Experiment-1 .......................................102	
  
Table 37: Average values of CO2, SO2, and NOX of phase one
expressed in Metric tons, Experiment-1 ........................................102	
  

xiii
Table 38: Cases of the Phase Two, Courtyard 10 m, E-W form axis
direction, Experiment-1. ................................................................105	
  
Table 39: Cases of the Phase Two, Courtyard 30 m, E-W form axis
direction, Experiment-1. ................................................................106	
  
Table 40: Energy consumption results of phase two, E-W form
axis direction, Experiment-1. ........................................................107	
  
Table 41: The difference in performance between LC-5 and LC-1
with the different courtyard combinations expressed in
MJ/m2.y, E-W form axis direction, Experiment-1. .......................107	
  
Table 42: The difference in performance between C10 and C30
with the different LC combinations expressed in
MJ/m2.y, E-W form axis direction, Experiment-1. .......................108	
  
Table 43: CO2, SO2, NOX results of phase two, E-W form axis
direction, Experiment-1. ................................................................109	
  
Table 44: Average values of CO2, SO2, and NOX of phase two
expressed in Metric tons, E-W form axis direction,
Experiment-1 .................................................................................109	
  
Table 45: Cases of the Phase Two, N-S form axis direction,
Courtyard 10 m, Experiment-1 ......................................................111	
  
Table 46: Cases of the Phase Two, N-S form axis direction,
Courtyard 30 m, Experiment-1 ......................................................112	
  
Table 47: Energy consumption results of phase two, N-S form axis
direction, Experiment-1 .................................................................113	
  
Table 48: The difference in performance between LC-5 and LC-1
with the different courtyard combinations expressed in
MJ/m2.y, N-S form axis direction, Experiment-1. ........................113	
  
Table 49: The difference in performance between C10 and C30
with the different LC combinations expressed in
MJ/m2.y, N-S form axis direction, Experiment-1. ........................114	
  
Table 50: CO2, SO2, NOX results of phase two, N-S form axis
direction, Experiment-1. ................................................................115	
  
Table 51: Average values of CO2, SO2, and NOX of the cases of
phase two expressed in Metric tons, N-S form axis
direction, Experiment-1 .................................................................115	
  
Table 52: Description of the six cases (WWR0, E-W form axis
direction, 1 Floor), Experiment-2 ..................................................121	
  
Table 53: Description of the six cases (WWR0, E-W form axis
direction, 2 Floors), Experiment-2 ................................................122	
  
Table 54: Description of the six cases (WWR0, E-W form axis
direction, 3 Floors), Experiment-2 ................................................123	
  
Table 55: Description of the three cases (WWR0, E-W form axis
direction, 6 Floors), Experiment-2 ................................................124	
  
Table 56: The average values of CO2, SO2, and NOX of group one
expressed in Metric tons, Experiment-2 ........................................127	
  
Table 57: Values of CO2, SO2, and NOX of group one expressed in
Metric tons, Experiment-2 .............................................................128	
  
Table 58: Description of the six cases (WWR0, N-S form axis
direction, 1 Floor) ..........................................................................133	
  
Table 59: Description of the six cases (WWR0, N-S form axis
direction, 2 Floors) ........................................................................134	
  

xiv
Table 60: Description of the six cases (WWR0, N-S form axis
direction, 3 Floors) ........................................................................135	
  
Table 61: Description of the three cases (WWR0, N-S form axis
direction, 6 Floors) ........................................................................136	
  
Table 62: Average values of CO2, SO2, and NOX of group two
expressed in Metric tons, Experiment-2 ........................................139	
  
Table 63: Values of CO2, SO2, and NOX of group two expressed in
Metric tons, Experiment-2 .............................................................141	
  
Table 64: Description of the six cases (WWR20, E-W form axis
direction, 1 Floor) ..........................................................................144	
  
Table 65: Description of the six cases (WWR20, E-W form axis
direction, 2 Floors) ........................................................................145	
  
Table 66: Description of the six cases (WWR20, E-W form axis
direction, 3 Floors) ........................................................................146	
  
Table 67: Description of the three cases (WWR20, E-W form axis
direction, 6 Floors) ........................................................................147	
  
Table 68: Average values of CO2, SO2, and NOX of group three
expressed in Metric tons, Experiment-2 ........................................150	
  
Table 69: Values of CO2, SO2, and NOX of group three expressed
in Metric tons, Experiment-2.........................................................151	
  
Table 70: Description of the six cases (WWR20, N-S form axis
direction, 1 Floor) ..........................................................................155	
  
Table 71: Description of the six cases (WWR20, N-S form axis
direction, 2 Floors) ........................................................................157	
  
Table 72: Description of the six cases (WWR20, N-S form axis
direction, 3 Floors) ........................................................................158	
  
Table 73: Description of the three cases (WWR20, N-S form axis
direction, 6 Floors) ........................................................................159	
  
Table 74: Average values of CO2, SO2, and NOX of group four
expressed in Metric tons, Experiment-2 ........................................162	
  
Table 75: Values of CO2, SO2, and NOX of group four expressed in
Metric tons, Experiment-2 .............................................................163	
  
Table 76: Description of the six cases (WWR40, E-W form axis
direction, 1 Floor) ..........................................................................167	
  
Table 77: Description of the six cases (WWR40, E-W form axis
direction, 2 Floors) ........................................................................168	
  
Table 78: Description of the six cases (WWR40, E-W form axis
direction, 3 Floors) ........................................................................169	
  
Table 79: Description of the three cases (WWR40, E-W form axis
direction, 6 Floors) ........................................................................170	
  
Table 80: Average values of CO2, SO2, and NOX of the cases of
group five expressed in Metric tons, Experiment-2 ......................173	
  
Table 81: Values of CO2, SO2, and NOX of group five expressed in
Metric tons, Experiment-2 .............................................................174	
  
Table 82: Description of the six cases (WWR40, N-S form axis
direction, 1 Floor) ..........................................................................179	
  
Table 83: Description of the six cases (WWR40, N-S form axis
direction, 2 Floors) ........................................................................180	
  
Table 84: Description of the six cases (WWR40, N-S form axis
direction, 3 Floors) ........................................................................181	
  

xv
Table 85: Description of the three cases (WWR40, N-S form axis
direction, 6 Floors) ........................................................................182	
  
Table 86: Average values of CO2, SO2, and NOX of group four
expressed in Metric tons, Experiment-2 ........................................185	
  
Table 87: Values of CO2, SO2, and NOX of group four expressed in
Metric tons, Experiment-2 .............................................................186	
  
Table 88: The governing equations to predict energy consumption
(E) from relative compactness (RC). .............................................200	
  
Table 89: Design guidelines...........................................................................212	
  

xvi

List of Figures
Figure 1: Consumption of electricity in UAE by region in million
KWh. From 2012 until 2015 ............................................................3	
  
Figure 2: Electricity consumption in UAE by sector in 2015 ...........................4	
  
Figure 3: Average values of temperature during 2003-2016 ..........................10	
  
Figure 4: Average % values of relative humidity during 2003-2016 ..............10	
  
Figure 5: Average values of wind speed during 2003-2016 ...........................11	
  
Figure 6: Average values of solar radiation during 2003-2016 ......................11	
  
Figure 7: Relationship diagram........................................................................14	
  
Figure 8: learning community Cycle 1, 2, and 3 layout sample ......................14	
  
Figure 9: Average energy use profile of schools in the USA ..........................23	
  
Figure 10: Annual energy consumption in elementary schools group
A.....................................................................................................23	
  
Figure 11: Energy consumption characteristics of the elementary
schools in South Korea by use ......................................................23	
  
Figure 12: Annual energy consumption in elementary schools group
C .....................................................................................................24	
  
Figure 13: Annual energy consumption in elementary schools group
B .....................................................................................................24	
  
Figure 14: Yearly energy consumption of air-conditioned rooms in
the longer wing: the west side, part 1. ...........................................26	
  
Figure 15: Yearly energy consumption of air-conditioned rooms in
the longer wing: the east side, part 2..............................................26	
  
Figure 16: Comparison between savings of heating energy of
different window glazing types, for both high and low
WWR, for NE-SW and NW-SE oriented school building
cases in Amman. ............................................................................27	
  
Figure 17: Courtyard glazing thermal performance at 67% surface
area in temperate climate . .............................................................28	
  
Figure 18: The heating loads for different window sizes facing
south, and for triple uncoated glass and no windows ...................29	
  
Figure 19: The cooling loads for different window sizes facing
south, and for triple uncoated glass and no windows ....................29	
  
Figure 20: Annual energy load by window size and position change .............30	
  
Figure 21: Energy load variation by window position change in
each size ........................................................................................30	
  
Figure 22: Building’s total heat transfer amount for January day
hours period ...................................................................................32	
  
Figure 23: Investigated rectangular courtyard forms .......................................34	
  
Figure 24: Effect of changing the courtyard proportions on the wallshaded area in summer . .................................................................34	
  
Figure 25: Reduction percentage in the maximum achievable
shaded and sunlit areas ..................................................................35	
  
Figure 26: Annual energy cost for the different scenarios . .............................36	
  
Figure 27: Energy Consumption (in MBTU) of building for
different form directions in Bangalore . .........................................37	
  
Figure 28: Energy Consumption (in MBTU) of building for
different form directions in Chennai . ............................................37	
  

xvii
Figure 29: Energy consumption (in MBTU) of building for different
form directions in New Delhi . ......................................................38	
  
Figure 30: Normalized annual building (a) total energy use for L, T,
H, cut, rectangular and U building shapes (WWR = 0) as
a function of RC .............................................................................41	
  
Figure 31: Impact of building shape on the heating demand (Nice hot and humid climate) ..................................................................42	
  
Figure 32: Impact of building shape on the heating demand (Lyon temperate climate) .........................................................................42	
  
Figure 33: School Finder Application..............................................................46	
  
Figure 34:	
  Site plan, Al Jood School, Al Ain ..................................................52	
  
Figure 35: Ground floor plan, Al Jood School, Al Ain ...................................53	
  
Figure 36: First floor plan, Al Jood school, Al Ain .........................................53	
  
Figure 37: Roof plan, Al Jood school, Al Ain .................................................54	
  
Figure 38: Site plan, Al Sammalia School, Abu Dhabi ..................................56	
  
Figure 39: Ground floor plan, Al Sammalia School, Abu Dhabi ....................57	
  
Figure 40: First floor plan, Al Sammalia School, Abu Dhabi .........................57	
  
Figure 41: Roof plan, Al Sammalia School, Abu Dhabi .................................58	
  
Figure 42: Site plan, Al Showaib, Al Ain ........................................................60	
  
Figure 43: Ground floor plan, AL Showaib, Al Ain ........................................61	
  
Figure 44: First floor plan, Al Showaib .Al Ain ..............................................61	
  
Figure 45: Site plan, Al Falah School, Abu Dhabi ..........................................64	
  
Figure 46: Ground floor plan, Al Falah School, Abu Dhabi ...........................64	
  
Figure 47: First floor plan, Al Falah School, Abu Dhabi ................................65	
  
Figure 48: Second floor plan, Al Falah School, Abu Dhabi ............................65	
  
Figure 49: Roof plan, Al Falah School, Abu Dhabi ........................................66	
  
Figure 50: Variation of LC form proportion and courtyard spacing
width in the case studies ................................................................68	
  
Figure 51: Representation of the main components in each case. ...................71	
  
Figure 52: The process of simplifying the architectural drawings for
simulation.......................................................................................73	
  
Figure 53: The suggested LC proportions. ......................................................75	
  
Figure 54: The 25 cases of different LC and courtyards, Phase one,
Experiment-1..................................................................................75	
  
Figure 55: The 4 cases of phase two, E-W form axis direction,
Experiment-1..................................................................................76	
  
Figure 56: The 4 cases of phase two, N-S form axis direction,
Experiment-1..................................................................................76	
  
Figure 57: Cases of the first group sharing a common direction (EW form axis direction) and WWR 0%. ..........................................79	
  
Figure 58: Cases of the second group sharing a common direction
(S-N form axis direction) and WWR 0%. ......................................80	
  
Figure 59: Perspective views of the 21 form geometries used in
Experiment 2, part1........................................................................81	
  
Figure 60: Perspective views of the 21 form geometries used in the
Experiment 2, part 2.......................................................................81	
  
Figure 61: Perspective views of the 7 form geometries used in
Experiment 2, subgroups LC1-C10 and LC1-30. ..........................81	
  
Figure 62: Building sketch example of case WWR0/ROT 0180/F2/C20/FR2, EnerWin-e9 .......................................................84	
  

xviii
Figure 63: Zone description example of zone 1, case WWR0/ROT
0-180/F2/C20/FR2, EnerWin-e9....................................................85	
  
Figure 64: Bar-chart example of case WWR0/ROT 0180/F2/C20/FR2, EnerWin-e9 .......................................................86	
  
Figure 65: Line graph example of case WWR0/ROT 0180/F2/C20/FR2, EnerWin-e9 .......................................................87	
  
Figure 66: Tabular output example of case WWR0/ROT 0180/F2/C20/FR2, EnerWin-e9. ......................................................87	
  
Figure 67: Tree-like structure of Experiment-1 ...............................................92	
  
Figure 68: Tree-like structure of phase one, Experiment-1 .............................93	
  
Figure 69: The average of the annual energy breakdown percentage
results of phase one, Experiment-1 ..............................................103	
  
Figure 70: Annual energy breakdown results of phase one,
Experiment-1................................................................................103	
  
Figure 71: Tree-like structure of phase two, Experiment-1 ...........................104	
  
Figure 72: The average of the annual energy breakdown percentage
results of phase two, E-W form axis direction,
Experiment-1................................................................................110	
  
Figure 73: Annual energy breakdown results of phase two, E-W
form axis direction, Experiment-1 ...............................................110	
  
Figure 74: The Average of the annual energy breakdown
percentage, results of phase two, N-S form axis
direction, Experiment-1 ...............................................................116	
  
Figure 75: Annual energy breakdown, results of phase two, N-S
form axis direction, Experiment-1 ...............................................116	
  
Figure 76: Tree-like structure of the high level controlled variables,
Experiment-2................................................................................119	
  
Figure 77: Tree-like structure of the first group, (E-W form axis
direction and 0 WWR), Experiment-2 .........................................120	
  
Figure 78: Energy consumption results of the first group, (E-W
form axis direction and 0 WWR), Experiment-2. ........................126	
  
Figure 79: CO2 results of the first group, (E-W form axis direction
and 0 WWR), Experiment-2. .......................................................128	
  
Figure 80: SO2 results of the first group, (E-W form axis direction
and 0 WWR), Experiment-2. .......................................................129	
  
Figure 81: NOX results of the first group, (E-W form axis direction
and 0 WWR), Experiment-2. .......................................................129	
  
Figure 82: The average of the annual energy breakdown percentage
of the first group, (E-W form axis direction and 0
WWR), Experiment-2. .................................................................130	
  
Figure 83: Annual energy breakdown of the first group, (E-W form
axis direction and 0 WWR), Experiment-2..................................131	
  
Figure 84: Tree-like structure of the second group, (N-S form axis
direction and 0 WWR), Experiment-2. ........................................132	
  
Figure 85: Energy consumption results of the second group, (N-S
form axis direction and 0 WWR), Experiment-2. ........................138	
  
Figure 86: CO2 results of the second group, (N-S form axis
direction and 0 WWR), Experiment-2. ........................................140	
  
Figure 87: SO2 results of the second group, (N-S form axis direction
and 0 WWR), Experiment-2. .......................................................140	
  

xix
Figure 88: NOX results of the second group, (N-S form axis
direction and 0 WWR), Experiment-2. .........................................141	
  
Figure 89: The average of the annual energy breakdown percentage
of the second group, (N-S form axis direction and 0
WWR), Experiment-2. .................................................................142	
  
Figure 90: Annual energy breakdown of the second group, (N-S
form axis direction and 0 WWR), Experiment-2. ........................142	
  
Figure 91: Tree-like structure of the Third group, (E-W form axis
direction and 20 WWR), Experiment-2 .......................................143	
  
Figure 92: Energy consumption results of the third group, (E-W
form axis direction and 20 WWR), Experiment-2. ......................149	
  
Figure 93: CO2 results of the third group, (E-W form axis direction
and 20 WWR), Experiment-2. ....................................................151	
  
Figure 94: SO2 results of the third group, (E-W form axis direction
and 20 WWR), Experiment-2 ......................................................152	
  
Figure 95: NOX results of the third group, (E-W form axis direction
and 20 WWR), Experiment-2 ......................................................152	
  
Figure 96: The average of the annual energy breakdown percentage
of the third group, (E-W form axis direction and 20
WWR), Experiment-2. .................................................................153	
  
Figure 97: Annual energy breakdown of the third group, (E-W form
axis direction and 20 WWR), Experiment-2................................154	
  
Figure 98: Tree-like structure of the fourth group, (N-S form axis
direction and 20 WWR), Experiment-2 .......................................154	
  
Figure 99: Energy consumption results of the fourth group, (N-S
form axis direction and 20 WWR), Experiment-2. ......................161	
  
Figure 100: CO2 results of the fourth group, (N-S form axis
direction and 20 WWR), Experiment-2. ......................................163	
  
Figure 101: SO2 results of the fourth group, (N-S form axis
direction and 20 WWR), Experiment-2. ....................................164	
  
Figure 102: NOX results of the fourth group, (N-S form axis
direction and 20 WWR), Experiment-2 .....................................164	
  
Figure 103: The average of the annual energy breakdown
percentage of the fourth group, (N-S form axis direction
and 20 WWR), Experiment-2 .....................................................165	
  
Figure 104: Annual energy breakdown of the fourth group, (N-S
form axis direction and 20 WWR), Experiment-2 .....................165	
  
Figure 105: Tree-like structure of the fifth group, (E-W form axis
and 40 WWR), Experiment-2. ....................................................166	
  
Figure 106: Energy consumption results of the fifth group, (E-W
form axis direction and 40 WWR), Experiment-2. ....................172	
  
Figure 107: CO2 results of the fifth group, (E-W form axis direction
and 40 WWR), Experiment-2. ....................................................174	
  
Figure 108: SO2 results of the fifth group, (E-W form axis direction
and 40 WWR), Experiment-2. ....................................................175	
  
Figure 109: NOX results of the fifth group, (E-W form axis direction
and 40 WWR), Experiment-2. ....................................................175	
  
Figure 110: The average of the annual energy breakdown
percentage of the fifth group, (E-W form axis direction
and 40 WWR), Experiment-2 .....................................................176	
  

xx
Figure 111: Annual energy breakdown of the fifth group, (E-W
form axis direction and 40 WWR), Experiment-2 .....................177	
  
Figure 112: Tree-like structure of the sixth group, (N-S form axis
direction and 40 WWR), Experiment-2. ....................................178	
  
Figure 113: Energy consumption results of the Sixth group, (N-S
form axis direction and 40 WWR), Experiment-2 .....................184	
  
Figure 114: CO2 results of the Sixth group, (N-S form axis direction
and 40 WWR), Experiment-2 .....................................................187	
  
Figure 115: SO2 results of the Sixth group, (N-S form axis direction
and 40 WWR), Experiment-2. ....................................................187	
  
Figure 116: NOX results of the Sixth group, (N-S form axis
direction and 40 WWR), Experiment-2. ....................................188	
  
Figure 117: The average of the annual energy breakdown
percentage of the Sixth group, (N-S form axis direction
and 40 WWR), Experiment-2. ....................................................189	
  
Figure 118: The annual energy breakdown of the Sixth group, (N-S
form axis direction and 40 WWR), Experiment-2. ....................189	
  
Figure 119: Experiment-1 shows how the change in courtyard
proportion has a higher potential for energy savings
than the change in LC proportion in both E-W and N-S
form directions. ..........................................................................192	
  
Figure 120: The average of each subgroup having the same WWR
and form axis direction at different floor numbers.....................194	
  
Figure 121: The correlation between relative compactness and
energy consumption, First group (WWR0/E-W form
axis direction) .............................................................................196	
  
Figure 122: The correlation between relative compactness and
energy consumption, Second group (WWR0/N-S form
axis direction) .............................................................................197	
  
Figure 123: The correlation between relative compactness and
energy consumption, Third group (WWR20/ E-W form
axis direction) .............................................................................197	
  
Figure 124: The correlation between relative compactness and
energy consumption, Fourth group (WWR20/ N-S form
axis direction) .............................................................................198	
  
Figure 125: The correlation between relative compactness and
energy consumption, Fifth group (WWR40/ E-W form
axis direction) .............................................................................198	
  
Figure 126: The correlation between relative compactness and
energy consumption, Sixth group (WWR40/ N-S form
axis direction) .............................................................................199	
  
Figure 127: The correlation between relative compactness and
energy consumption, First group (WWR0/ E-W form
axis direction) .............................................................................200	
  
Figure 128: The correlation between relative compactness and
energy consumption, Second group (WWR0/ N-S form
axis direction) .............................................................................201	
  
Figure 129: The correlation between relative compactness and
energy consumption, Third group (WWR20/ E-W form
axis direction) .............................................................................201	
  

xxi
Figure 130: The correlation between relative compactness and
energy consumption, Fourth group (WWR20/ N-S form
axis direction) .............................................................................202	
  
Figure 131: The correlation between relative compactness and
energy consumption, Fifth group (WWR40/ E-W form
axis direction) .............................................................................202	
  
Figure 132: The correlation between relative compactness and
energy consumption, Sixth group (WWR40/ N-S form
axis direction) .............................................................................203	
  
Figure 133: The correlation between verticality and energy
consumption in the first group of cases (WWR0/E-W
form axis direction), Experiment-2 ............................................205	
  
Figure 134: The correlation between horizontality and energy
consumption in the first group of cases (WWR0/E-W
form axis direction), Experiment-2 ............................................205	
  
Figure 135: The correlation between verticality and energy
consumption in the second group of cases (WWR0/N-S
form axis direction), Experiment-2 ............................................206	
  
Figure 136: The correlation between horizontality and energy
consumption in the second group of cases (WWR0/N-S
form axis direction), Experiment-2 ............................................206	
  
Figure 137: The correlation between verticality and energy
consumption in the third group of cases (WWR20/E-W
form axis direction), Experiment-2 ............................................207	
  
Figure 138: The correlation between horizontality and energy
consumption in the third group of cases (WWR20/E-W
form axis direction), Experiment-2 ............................................207	
  
Figure 139: The correlation between verticality and energy
consumption in the fourth group of cases (WWR20/N-S
form axis direction), Experiment-2 ............................................208	
  
Figure 140: The correlation between horizontality and energy
consumption in the fourth group of cases (WWR20/N-S
form axis direction), Experiment-2 ............................................208	
  
Figure 141: The correlation between verticality and energy
consumption in the fifth group of cases (WWR40/E-W
form axis direction), Experiment-2 ............................................209	
  
Figure 142: The correlation between horizontality and energy
consumption in the fifth group of cases (WWR40/E-W
form axis direction), Experiment-2 ............................................209	
  
Figure 143: The correlation between verticality and energy
consumption in the sixth group of cases (WWR40/N-S
form axis direction), Experiment-2 ............................................210	
  
Figure 144: The correlation between horizontality and energy
consumption in the fifth group of cases (WWR40/E-W
form axis direction), Experiment-2 ............................................210	
  
Figure 145: The correlation between verticality and horizontality,
Experiment-2 ..............................................................................211	
  

xxii

List of Abbreviations
ACRI

Air-Conditioning and Refrigeration Institute

ADDC

Abu Dhabi Distribution Company

ADEK

Abu Dhabi Department of Education and Knowledge

ADWEA

Abu Dhabi Water and Electricity Authority

ADWEC

Abu Dhabi Water and Electricity Company

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
BS

British Standards

C

Courtyard

CIBSE

The Chartered Institution of Building Services Engineers

EPA

Environmental Protection Agency

EUI

Energy Use Intensity (MJ/m2.y)

FLR

Floor

ICC

International Code Council

LC

Learning Community

MJ/m2

Mega joule per square meter.

NCMS

The National Centre of Meteorology and Seismology

NFPC

The National Fire Protection Association

NSM

New School Model

RC

Relative Compactness

UL

Underwriters Laboratories

UPC

Abu Dhabi Urban Planning Council

USGBC

U.S Green Building Council

WWR

Gross window to wall ratio

1

Chapter 1: Introduction and Background
1.1  Introduction
1.1.1  Overview
Statistics related to school buildings in the United Arab Emirates (UAE) and
the world indicate substantial levels of energy consumption that goes on increasing
year-after-year trend resulting in higher levels of energy costs. Most importantly,
such high levels of energy consumption would eventually lead to increasing the
levels of greenhouse gas (GHG) emissions proved to cause adverse impact on the
environment and possible deterioration of human health. According to the U.S Green
Building Council (USGBC) the building sector in general consume more energy and
produce higher levels of greenhouse-gas (GHG) emissions than any other sector such
as transportation or industry. Studies claim that these high numbers are due to the
large number of school buildings in the building stock (Dimoudi & Kostarela, 2009)
as building energy was found to be the second most expensive cost after salaries of
teachers and staff (ase.org, n.d.). Previous studies showed that school buildings in the
U.S. account for 10.8% of the total electricity consumed by buildings (PérezLombard, Ortiz, & Pout, 2008); while in U.K. they were classified as the third most
energy consuming (Gov.UK, n.d.).
In the Unites States, the built environment is responsible for about 48% of all
energy consumption and greenhouse gas emissions; and around 75% of all the
electricity is used just to operate buildings (Architecture 2030, 2011). The estimated
value of building energy sector in the US was revealed by Architecture 2030, based
on data from the US Energy Information Administration (EIA) (Al-Sallal, 2016). In
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Europe, energy consumption by buildings accounts for around 20–40% of the total
energy consumption.
The Environmental Protection Agency (EPA) claims that Americans spend
90% of their time in indoor environments (EPA, 2009) while other researchers stated
92% (Bernstein et al., 2008). Moreover school statistics reported that 84 million
Americans which 73.7 million of them are children spend most of their days in
schools; one out of five of which reported unsatisfactory in indoor air quality (EPA,
2009). These statistics reflect the importance of improving the quality of the indoor
environments in school buildings.
In some parts of the world, such as the Gulf Cooperation Council (GCC)
countries, the fast growth of societies supported by rich energy resources, mainly oil
and gas, has also resulted in expansive urbanization and reliance on increased levels
of fossil fuel supply to support completely new forms of excessively enhanced
lifestyles. Most of the energy is still produced by non-renewable sources of power
generation that are major contributors of greenhouse gas (GHG) emission. This, in
turn, results in high ecological footprints (Al-Sallal, 2016). The highest ecological
footprints (measured in global hectares per capita; gha/capita) by far are found in
countries like the United Arab Emirates (10.68 gha/capita; this is the world’s highest
average ecological footprint), Qatar (10.51 gha/capita), and the United States of
America (8.00 gha/capita) (Global Footprint Network, 2010). Buildings consume
more energy than any other sector.
In UAE, recent local statistics in UAE stated that commercial buildings
consume a percentage of 48.2% of the total energy consumption while governmental
buildings accounts for 9.3% of the energy consumption (ADWEC, 2015). Around
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80% of the total consumed energy in UAE; which is equal to an average of 220-360
kWh/m2 per year, is attributable to the buildings’ sector (Domestic, commercial and
governmental buildings) in which governmental buildings represent 10% of this
Figure (Khaleej Times, 2016).
According to Abu Dhabi Water and Electricity Company (ADWEC) energy
consumption rates increased with a percentage of 33% from 2012 to 2015, this
increase was significant in 2015 (See Figure. 1). The three sectors (Domestic,
commercial and governmental) combined consumed approximately 85% of the total

Consumption of electricity in million KWh

energy in 2015 (See Figure. 2).
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Figure 1: Consumption of electricity in UAE by region in million KWh. From 2012
until 2015 (ADDC, 2017)
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Figure 2: Electricity consumption in UAE by sector in 2015 (ADDC, 2017)

Irresponsible practices in the design and construction of buildings and the
reliance on non-sustainable approaches is accountable for the ongoing adverse
impact on the environment and human health. In schools, this problem becomes
more sensitive as these practices can also lead to considerable negative impact on
human performance (e.g.; the student’s educational performance and attainment and
the teacher’s effective functioning) due to issues related to the indoor environmental
quality such as lack of fresh air and/or natural light (Frumkin, Geller, I., Rubin, &
Nodvin, 2006). Thus, more investigations are needed to tackle the energy and
environmental issues related to the current practices of school design and how to
overcome performance problems through proper architectural design, not only for
the sake of energy reduction but also to improve the whole learning environment as
well.
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1.1.2  Statement of the problem
Poor architectural designs of schools that ignore responsiveness to climate
and integration with natural environmental resources have to depend mainly on
mechanical and electrical systems for the provision of cooling, ventilation, and
lighting. This inefficient practice leads to high thermal and lighting loads that are
accountable for the high rates of energy consumption. It also leads to unhealthy
indoor environment and has a direct negative effect on students’ performance, health
and even attitude (Leslie, 2010, Frumkin, Geller, I., Rubin, & Nodvin, 2006). This
research tackles the issues related to the architectural design related to form (i.e.,
form proportion, verticality and horizontality of form conFigureuration, building
form axis direction, and glazing area) and how all these factors affect energy
consumption.
In 2010, the UAE through its 2030 vision of sustainability lunched initiatives
to reduce energy consumption in buildings. According to Abu Dhabi Distribution
Company (ADDC) this step helped to make a huge progress toward reducing energy
consumption in governmental buildings from 23.9 % of the total energy consumed in
2012 to reach 9.3 % in 2015 (ADDC, 2015). New School Model (NSM) was one of
the initiatives that were designed for schools. The improvements in NSM focused on
two approaches: First, relying on passive design strategies like solar control by
shading devices and daylighting. Second; installing efficient electrical and
mechanical systems such as; HVAC systems, solar energy systems, lighting control
systems; this thesis integrates with the efforts of ADEK and the NSM. It attempts to
answer the following question:
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“How and to what extent the architectural form of the NSM of Abu Dhabi can be
optimized to achieve the best performance for energy savings and low impact on the
environment?”
1.1.3  The objectives of this research
This study promotes sustainable approach of school design through
optimization of building form and minimization of energy requirements. The study
takes into consideration the solutions that contribute most to improving the school’s
educational and health environment with priority to integrate natural resources (such
as natural lighting and openness to air and natural vegetation) into the school
environment and functions. The main aim of this study is to investigate the current
practices of school design in Abu Dhabi (and similar climates); and search for
solutions that improve optimizing energy consumption through an integrated
sustainable design with focus on building form. The specific objectives are as
follows:
•   Investigate through literature and surveys how current school buildings are
designed in Abu Dhabi focusing on issues related to building form; and
evaluate them with regards to energy consumption and sustainability.
•   Specify design variables and generate design prototypes that help to
investigate the problem and optimize solutions based on abstracted
proportional geometries that can help later in the analysis to generate valid
findings with significant generalizability.
•   Prioritize solutions based on minimizing energy consumption, and Greenhouse
emissions.
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•  

Analyze the patterns of the produced results and find out mathematical
models based on correlative curve-fitting behavior.

•   Present design guidelines that could help to select the best form
conFigureurations with regards to the investigated variables.
1.1.4  Scope and limitations
This thesis is about investigating and improving energy performance of
schools in the Abu Dhabi. The investigations focus mainly on building form
configurations (with its integrated courtyards), taking into consideration potential
variances caused by building form-axis direction and glazing size. This study is
limited to public school buildings in Abu Dhabi Emirate following the NSM designs
lunched by ADEK in 2010; despite the fact that the results can be generalized to
other buildings with similar design descriptions and serving different functions.
Moreover, this study can be applicable to other regions having climatic
characteristics similar to that of Abu Dhabi (Hot Humid climate). Conventional
school designs of Abu Dhabi are not considered in this research due to the restriction
by ADEK that does not permit going back to these designs, and their wise decision to
shift towards more sustainable approaches. Finally, due to limitation of time and the
huge amount required for simulation, data generation, and analysis it was decided to
limit the investigations to those design configurations whose form are positioned at
the North-South and the East-West axes. These considered form-axis directions were
also judged as the most matching with the street/land lots directions in the main cities
of Abu Dhabi Emirate (such as Abu Dhabi and Al-Ain). Skewed form directions
such

as

the

investigated.

North/East-South/West

and

North/West-South/East

were

not

8
1.2  Background
1.2.1  Overview
The new school vision of Abu Dhabi was lunched in 2010 as a part of the
Emirate’s long-term sustainability commitment towards improving the current
practices of sustainable environment. In order to design a sustainable school, the
designer must understand in depth how the school will interact with all the factors
inside and outside the school and how to control these factors through a proper
design. These factors are related to many influences: climatic, ecological, human,
and physical. This chapter presents background information of the most important
influences on school design in Abu Dhabi.
1.2.2  United Arab Emirates climate
Climatic conditions play an essential role that can definitely influence any
given design, this section gives an introduction to the climate of UAE in general and
Abu Dhabi in particular in order to give a better understanding to the harsh climate
that designers must account for while introducing any design.
United Arab Emirates is located in the Middle East between 21.5° and
26.5°N and 5l° and 56.25° E covering a total area of 77,700 square kilometers. UAE
is bordered by Saudi Arabia on the West and South, Oman on the Southeast and
Northeast, and Qatar from the Northwest. Abu Dhabi is the capital and the largest
Emirate with 87% of UAE’s total area. According to Böer, the UAE’s climate can be
classified as hyper arid (Böer, 1997). Generally, the UAE’s climate is very hot and
sunny in summer especially in July and August with a high temperature up to 50°C
and warm to moderate in winter (Abdullah Al Mandoos, 2005). Due to its location,
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on the tropic of Cancer, the region is dominated by subtropical anticyclones that
influence the weather with subtropical desert climate (Bany and Chorley, 1982).
Abu Dhabi
Abu Dhabi is the capital and the largest Emirate in UAE, lies on an island
that is located in the Arabian Gulf. Abu Dhabi has a hot humid climate, characterized
by its extreme high temperature especially through the months from June to
September where the temperature can reach up 50°C. Between November and March
the temperature values decrease with a range between 30 and 10 °C (Maximum and
Minimum recorded values). Relative humidity levels in Abu Dhabi are also high
during the entire year with an average range of 72.3 to 42.5%. Regarding the wind
speed the mean and mean max wind speed is approximately stable during all the
year, ranging from 13 to 15 Km/h and 23 to 26 Km/h respectively, while the max
wind speed ranges from 41 (August) to 69 Km/h (April). The solar radiation was
found to be the highest during May and June (7002 W/m2 and 6798 W/m2
respectively) and these values decrease to reach the lowest value in December (4104
W/m2) Figure. 3,4,5 and 6 demonstrate the yearly average values of the temperature,
relative humidity, Wind speed, and solar radiation respectively, recorded from 2003
to 2016 by the National Centre of Meteorology and Seismology.
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Figure 3: Average values of temperature during 2003-2016 (The National
Centre of Meteorology and Seismology, 2016)
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Figure 4: Average % values of relative humidity during 2003-2016 (The National
Centre of Meteorology and Seismology, 2016)
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Figure 5: Average values of wind speed during 2003-2016 (The National Centre
of Meteorology and Seismology, 2016)
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Figure 6: Average values of solar radiation during 2003-2016 (The National
Centre of Meteorology and Seismology, 2016)
1.2.3  ADEK’s new vision for schools
This section introduces the new vision of Abu Dhabi Department of
Education and Knowledge (ADEK) towards designing new schools that comply with
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the new requirements of Estidama and other international codes such as ASHRAE,
NFPA, CIBSE, ICC, ARI, UL, BS. (ADEK 2014):
“All new schools conform to the sustainability system developed in order to
ensure the optimal use of energy and water resources. It aims to preserve the
environment through minimizing print and waste. No materials that could cause
harm to students, staff or the environment are used. Natural daylight and latest
cooling systems are used to enhance the school environment and reduce energy
consumption,” (ADEK 2014).
ADEK New School Model (NSM)
As part of Abu Dhabi 2030 vision for sustainability, ADEK (Abu Dhabi
Department of Education and Knowledge) planned to build 100 new schools by the
end of 2018 (ADEK). The new school models are basically based on a studentcentered learning approach that employs technology and modern teaching facilities.
Those schools are required to achieve a two-pearls Estidama rating (The Estidama
pearl rating system is a local framework for sustainable design, construction and
operation across the Emirates of Abu Dhabi (Abu Dhabi Urban Planning Council
(UPC)) and thus they must be designed with sustainability features for instance;
energy efficient air conditioning systems, water conservation devices, photovoltaic
panels for solar energy, solar panels for water heating, intelligent lighting controls.
Passive design strategies are also considered, for instance; the reliance on daylighting
and shading devices to reduce the need of energy for lighting and cooling (ADEK,
2013). ADEK so far presented a total number of six new school models that differ in
terms of the students’ capacity. When this initiative was launched, it stated that the
new schools would consider the inclusion of the students of KG1, KG2, and Grades
1, 2, and 3 in September 2010, Grade 4 in 2011, Grade 5 in 2012, Grade 6 in 2013,
and so on until all the 12 grades of the different school cycles (i.e., Elementary
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schools, Middle schools, and High schools) are included by the year 2018 (ADEK,
2013).
The Concept of Learning Communities
For many decades the concept of learning communities has been used under
different names such as: schools-within-a-school, pods, houses, families, academies
and small learning communities (Kellough & Jarolimek, 2008).These all share the
same concept; which is the subdivision of the school into small groups, with each
group including one or multiple grade levels in order to create an intimate
environment for students and teachers. It is remarkable also to know that each
learning community has a certain degree of openness that reflects the level of
integration that is designed according to its task and targeted students (ADEK, 2013).
Each learning community includes the following:
•   Four to five classrooms (average), seven classrooms in some cases.
•   One science/ art room
•   A breakout space
•   Teachers’ stations
•   Storage
Figure.7 and Figure.8 demonstrate the relationship diagram and the layout
sample of one learning community. One can observe here how the main space is the
central breakout area that plays two essential roles: first, a circulation node and
second, an assembly area.

The rest of the spaces including the classroom are

positioned in a way that allows certain interaction between the students of the same
grade. For more details about the case studies analysis refer to the methodology
chapter, section 3.3.
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Figure 7: Relationship diagram (ADEK, 2013)

Figure 8: learning community Cycle 1, 2, and
3 layout sample (ADEK, 2013)
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1.2.4  ADEK’s standards for school design
ADEK has set a number of local and international standards related to the
school type, size, lighting requirements, thermal comfort and ventilation. All new
schools are required to meet the design standards as ADEK specifies for each
category of the design. The following sections provide a general description of the
needed design standards for building energy related issues.
School type and size
Schools are divided into three types, cycle one includes grades from 1-5,
cycle two includes grades from 6-9, and cycle three includes grades from 10-12.
Grouping between different cycles is acceptable in cases of low student populations.
Grouping between kindergarten and cycle 1 grades is preferable; however, for this
kind of school configuration, it is recommended not to exceed two floors (ground
plus one floor) in cycle 1 schools, and three floors (ground plus two floors) in cycle 2
or 3 schools. ADEK has proposed formulas and examples of the space programs for
each cycle that can help designers decide the appropriate size of the schools. Samples
of these space programs are attached in appendix-1. Ideally each classroom can
accommodate around 20 students in Kindergarten, 25 students in cycle 1, and 30
students in both cycle 2 and 3.
Other design determinants/ configurations such as the form configurations
(e.g.; angle of axes and rotation, building form direction, and spatial aspect ratios) of
the learning communities are not defined by ADEK.

Such important design

determinants/configurations will be discussed through this work, as shown the
following chapters.
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Codes requirements
ADEK sets a number of codes and standards that should be followed by the
designers: First, The Estidama requirements and achieve a two pearl on its rating
system; Second, The Building code of Abu Dhabi; and Third, all specific municipal
and local regulations. All these building codes and regulations require designers to
follow a number of related international standards. Table 1 lists the building
standards that are usually required by governmental authorities in order to give noobjection certificates (NOC) to building designers.

Table 1: Building standards abbreviation required by governmental authorities
Standard

Definition

ASHRAE

American Society of Heating, Refrigerating and Air-Conditioning
Engineers

IESNA

Illuminating Engineering Society of North America

NFPA

National Fire Protection Association

CIBSE

Chartered Institution of Building Services Engineers

ICC

International Code Council

ARI

Air-Conditioning and Refrigeration Institute

UL

Underwriters Laboratories:

BS

British Standards
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Lighting

Both natural and artificial lighting designs must provide healthy, safe,
creative and productive atmosphere to the users. Therefore, a careful attention must
be given to the cost effective and environmental responsibilities as recommended by
local and international standards (ADEK, 2013). All common areas, classrooms and
assembly areas must be provided with occupancy sensors and daylight harvesting
systems to dim the illumination when daylighting is sufficient. Illumination levels
should comply with IESNA standards. A careful attention must be given to the
choice of lighting systems and their fixtures according to the different requirements
of each space, moreover it is recommended to use light shelves, light colored ceiling
and consider the color and reflectivity of finishes on surfaces near windows to reflect
more daylight within the rooms (ADEK, 2013).

Thermal comfort and ventilation
According to ADEK, the effective design for thermal comfort must control
three vital indicators of a healthy educational environment: temperature, humidity,
and ventilation. The design needs to consider an ambient temperature of 46 °C DB
and 29.5 °C WB in Abu Dhabi and 48 °C DB and 31.5 °C WB in Al Ain and
Western region.

The following levels of temperature, humidity, and ventilation

must be maintained: Temperature of 23 +/-1 °C in summer and due to the nature of
the climate no artificial heating is needed in the winter, moreover humidity levels
must be between 40% and 60% for the range of temperature previously set and for
ventilation consider ASHRAE 62.1. CO2 levels must not exceed 1000 ppm. For the
cooling systems consider the chilled water system. Table.2 summaries the
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requirements for Heat transmission, solar reflectance index (SRI), and Envelope air
infiltration (ADEK, 2103).

Table 2: The requirements for heat transmission, solar reflectance index (SRI), and
envelope air infiltration (ADEK, 2013)
Heat transmission

Levels to not exceed 0.30 BTU/H per Sf
per degree

Solar reflectance index (SRI)

At least 78 is recommended for roofs

Envelope air infiltration

A rate at or below 3.64 l/s/m2 at 75 Pa
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Chapter 2: Relevant Literature
2.1  Introduction
The increase in building energy consumption has been a major concern in
many parts of the world. Searching for sustainable solutions to help reduce energy
consumption in buildings and reduce GHG emissions is being considered now as a
main goal in the plans of many authorities at the global and local levels. The attempts
to reduce energy consumption are always linked to human health and comfort in
order to guarantee that saving energy would not cause negative effects on these two
important necessities. This is similar to passive design principle; ensuring high
thermal comfort at a low cost (Croitoru, Nastase, Sandu, & Lungu, 2016).
Appropriate daylighting techniques (as an example of passive design
strategy) can contribute to significant savings in energy in addition to the
improvement of health and productivity (Heschong, Wright, & Okura, 2002). It was
proved that daylighting which is defined as the practice of illuminating buildings by
natural light (Harris, 2005) could reduce the need for electrical lighting and cooling
by 30 to 70 percent (Stephen L.Olson, 2003). Leslie (2010) and Frumkin et al.
(2006), investigated the impact of daylighting on the students’ performance in
different studies. They both concluded that abundance of natural lighting along with
high indoor air quality can improve the student’s health and performance and can
contribute to lowering their rates of absenteeism (Leslie, 2010), (Frumkin, Geller, I.,
Rubin, & Nodvin, 2006).
In a previous study by Al-Sallal (2010), a list of conditions that designers
should comply with in school building design in the UAE was mentioned. This list
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was originally presented by the Educational Buildings Planning Department of the
Ministry of Education in UAE (Educational Buildings Planning Department,
Ministry of Education, UAE, 2010). Regarding lighting in classrooms, the ministry
stated that lighting should not come from the opposite side of the blackboard and it
was recommended to come from the left side of students. Moreover, the classrooms
should be provided with openings of no less than 20% of the floor area to provide
natural lighting and ventilation. A study by architectural/engineering consultants
commissioned by the Ministry of Public Works and Housing evaluated schools and
kindergartens in the UAE (BW Gulf & Spowers, 2010). It recommended the
following: first; increase reliance on natural lighting, second; use shading devices on
windows, and third; the use of low energy artificial lighting with high efficiency
fluorescent lamps (Al-Sallal, 2010).
A study by Al-Sallal (2016) pointed out some important points that need to
be considered in building form design. The increase of the surface-to-volume ratio
(S/V ratio) helps to increase the access to daylighting. There are some floor plan
configurations that are preferable for providing side lighting. The finger-elongated or
courtyard/atrium floor plans are considered effective solutions not only to provide
daylighting but also in promoting natural ventilation and providing visual access to
landscape and other views. Before the 1970s and before the invention of HVAC
systems those design configurations were the only available options to illuminate
buildings naturally. As a general rule of thumb, a floor plan with high S/V ratio, such
as the finger-elongated floor plan or the courtyard/atrium floor plan, could help to
offer better access to daylighting than another one with limited S/V Ratio (Al-Sallal,
2016).
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Several strategies can be used to help reducing the energy consumption and
GHG emissions in buildings; generally, they can be categorized into three different
categories (Al-Sallal, 2016; Kharecha, Kutscher, Hansen, & Mazria, 2010).
1.   Strategies related to planning and design: This category includes building
orientation and color, shape, spatial layout, passive heating and cooling
systems, natural ventilation, exterior shading, window shape and orientation,
daylighting, and vegetation and microclimate control.
2.   Strategies related to the building envelope and material and equipment
selection: This category includes thermal break windows and systems and
movable insulation, adequate insulation values, sunlight and daylight fixtures
and systems, radiant barriers, low-emissivity (low-e) coatings and argonfilled glazing, cool and green roofs, occupancy and CO2 sensors, and
daylighting controls and photo sensors.
3.   Strategies related to the added technologies: This category includes
photovoltaic systems, solar water heating, wind and biomass electric
generation, micro wind electric generation, community scale solar thermal,
and combined heat and power systems.
The issues investigated in this thesis are related to category one.

2.2  Energy breakdown in schools
Studies investigating the building’s electrical and mechanical systems are
varied. The main focus of these studies was analyzing the different systems within
the building. The analysis can help to define which systems can affect energy
consumption the most, which will definitely help designers take the right decisions.
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A recent study in Taiwan investigated the electrical and mechanical systems
in educational buildings (universities, high, middle and elementary schools) observed
that air conditioning and lighting were the most two variables having significant
impact on energy consumption. Moreover, it was found that 93% of energy
consumption in schools consists of electricity while both fuel and gas consumption
was 7% (Wang, 2016). The study concluded that the focus on implementing more
sustainable alternatives such as improving the building envelope and natural lighting
techniques will definitely help to reduce the heat gain and improve the lighting levels
and as a result reduce the need to use air conditioning and artificial lighting. Another
study on energy consumption in U.S.A schools stated that space heating (47%)
followed by lighting with (14%), cooling (10%) and ventilation (9%) consume
approximately 80% of the total energy consumption in U.S schools (See Figure. 9)
(DOE, 2013). In South Korea Kim, lee and Hong carried out a study investigating
the same issue (electrical and mechanical systems breakdown) in schools. The study
tested energy consumption in three different groups of schools (Group A, B and C).
Those groups differ in terms of the total school area ranging from 5638 to 11,148 m2
(Group A include schools that are less than 7500 m2 while group B less than 10,000
m2, and finally group C less than 15,000 m2).

The results stated that heating

consumes most of the energy due to the weather conditions, followed by cooling and
lighting. In addition, the results revealed that electricity was the most consuming
system of energy followed by gas and oil in all groups, See Figure. 10- 13 (T.-W.
Kim, Lee, & Hong, 2012).
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Figure 9: Average energy use profile of schools in the USA (DOE, 2013)

Figure 10: Annual energy consumption in elementary schools
group A (T.-W. Kim, Lee, & Hong, 2012)

Figure 11: Energy consumption characteristics of the elementary
schools in South Korea by use (T.-W. Kim, Lee, & Hong, 2012)
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Figure 12: Annual energy consumption in elementary schools
group B (T.-W. Kim, Lee, & Hong, 2012)

Figure 13: Annual energy consumption in elementary schools
group C (T.-W. Kim, Lee, & Hong, 2012)
2.3  Impact of type of glazing and window size on energy consumption
Providing efficient daylighting as previously discussed has a number of
benefits; energy reduction and environmental quality improvement are two of many
other important benefits. The more the design of the building rely on natural lighting
the less energy will be used for artificial lighting and as a result reduce energy
consumption (Santamouris & Hestnes, 2002). Additionally, it is proved that
daylighting is more efficient and produce less heat than artificial lighting (Sherif,
Sabry, & Gadelhak, 2012). Careful attention to efficient daylighting strategies such
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as the choice of glazing types and size at the early stages during design will make a
significant impact. Studies stated that daylighting can help reduce energy by up to
10% (Zain-Ahmed, Sopian, Othman, Sayigh, & Surendran, 2002) and approximately
20 -40 % of building energy is wasted due to the inappropriate use of windows
(Bülow-Hübe, 2001). It was also proved that implementing energy-efficient windows
can even be better than using a highly insulated wall without windows (Persson,
Roos, & Wall, 2006).
A study conducted by Bojić and Yik in Hong Kong tested several types of
glazing namely; Low-e, Low-e reversible, double-clear glazing, and clear plus low-e
glazing under two different form directions (East and west) in residential buildings.
Results stated that the implementation of Low-e glazing can save cooling electricity
up to 4.2%, while Low-e reversible glazing, double-clear glazing and clear plus lowe glazing can save up to 1.9%, 3.7% and 6.6% respectively depending on the form
direction, the type and location of the rooms (See Figures. 14 and 15) (Bojić & Yik,
2007). Another study on residential buildings but different climatic conditions (hot
summer and cold winter) was conducted in Chongqing, Shanghai and Wuhan. The
main target was to compare between low-e glass and hollow glass in terms of energy
performance under different form directions, different WWR and finally different
patterns of utilization of air conditioning system. The study adopted the simulation
method by using the software DeST (Designer’s Simulation Toolkit). Results stated
that low-e glass proved to perform better in all form directions and WWR values.
(Yang et al., 2015). Al-Arja & Awadallah, 2016 conducted a similar study in Jordan,
which tested the impact of different design configurations in schools on energy
consumption. The tested variables are the glazing type (Single pane clear glazing,
Single pane Low-E glazing, Double pane clear glazing), the form direction (basic
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form directions North-South and East-West and the skewed ones North/EastSouth/West) and North/West-South/East), and the Window to wall ratio (25 and
50%). Using DesignBuilder® software. This research addressed only classrooms as
they present the consumer number one of energy in schools. Results confirmed the
findings of the previous study that single Low-E glazing proved to perform better
under the different form directions and WWR values (See Figure. 16) (Al-Arja &
Awadallah, 2016).

Figure 14: Yearly energy consumption of air-conditioned rooms in the longer wing:
the west side (Bojić & Yik, 2007)

Figure 15: Yearly energy consumption of air-conditioned rooms in the longer wing:
the east side (Bojić & Yik, 2007)
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Figure 16: Comparison between savings of heating energy of different window
glazing types, for both high and low WWR, for NE-SW and NW-SE oriented school
building cases in Amman. (Al-Arja & Awadallah, 2016)

A wider study was conducted to cover four different cities in USA
representing the four different climates, namely; cold (Minneapolis, Minnesota),
Temperate (Chicago, Illinois), hot humid (Miami, Florida) and hot dry (Phoenix,
Arizona). The goal of the study was to test the performance of four different types of
glazing in courtyards; which are, single clear glass, double clear glass, low-e and
finally triple glass, under different glazing percentage (30%, 67%) the study was
mainly a comparative study in terms of energy performance by using the simulation
program DOE2.1E. Results revealed that triple clear glass proved to perform better
followed by low-e then double clear glass and finally single clear glass. This result
was found in all the tested climates with the different glazing percentages. Moreover,
it is important to mention that the more the increase of the glazing percentage the
more the difference in energy savings become obvious between the different types of
glazing, See Figure.17 (Aldawoud, 2008).
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Figure 17: Courtyard glazing thermal performance at 67% surface area in temperate
climate (Aldawoud, 2008)
On the other hand, studies tackling the relation between window size and
energy consumption are numerous as well. A study on low energy houses located
south in Sweden was made to investigate this issue under two different seasons
(Winter and summer), form directions and two window types (both are made of
triple-glazed glass but one is operable while the other is fixed) using DEROB-LTH.
Results showed that efficient window size has no significant impact on heating
demand in winter (See Figure.18). On the other hand, it affects significantly the
cooling demand in summer as showing in Figure.19) (Persson et al., 2006). In
Canada however, 65 different scenarios were used to test the impact of window size
on energy performance in a residential house. Which varied in terms of window size
(WWR range from 0 to 100), position (High, middle or low) and form direction. The
research team relied on BIMs to create building information models for each
scenario. The simulation revealed the expected results that the energy consumption
increases gradually with the increase of WWR regardless of the window position
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(See Figure. 20). In other words, window size is an important factor that must be
considered during the design phase. Moreover, the window position proved to affect
energy consumption especially when WWR is 20% as showing in Figure.21
(Tahmasebi, Banihashemi, & Hassanabadi, 2011).

Figure 18: The heating loads for different window sizes facing south, and for triple
uncoated glass and no windows (Persson et al., 2006)

Figure 19: The cooling loads for different window sizes facing south, and for triple
uncoated glass and no windows (Persson et al., 2006)
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Figure 20: Annual energy load by window size and position change (Tahmasebi,
Banihashemi, & Hassanabadi, 2011)

Figure 21: Energy load variation by window position change in each size
(Tahmasebi, Banihashemi, & Hassanabadi, 2011)
Following the same target three different studies in four different places
namely Jordan, Canada and China and Germany were conducted to test the
correlation between wall to window ratio and energy consumption. All studies end
up with the same result and concluded that energy consumption has a positive
relation with WWR regardless the location, form direction or glazing type due to the
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direct impact of WWR on energy use. In addition, it was found that the form
direction and glazing type of the window and as mentioned previously have a
significant impact on energy consumption (Al-Arja & Awadallah, 2016; S. Kim,
Zadeh, Staub-French, Froese, & Cavka, 2016; Yang et al, 2015, Jaber & Ajib, 2011).
2.4  Impact of courtyards on energy consumption
When designing the spatial zoning of a building, one must consider the
environmental influences by utilizing desirable environmental factors (e.g., cool
breezes) and avoiding undesirable ones (e.g., hot and dusty wind). The courtyard
design for instance can provide effective spatial arrangement that responds to
functional and sociocultural requirements while it could still promote thermal
comfort. Al-Hawsh (meaning courtyard in Arabic) is a good exemplar of a
sustainable design configuration that can balance between climatic and sociocultural
requirements (Al-Sallal, 2016).
The implementation of courtyards that plays essential role in providing
daylighting is also critical when it comes to the heat gain. Therefore, shading is
considered as the major factor affecting the thermal performance in courtyards.
According to studies investigating the thermal performance of courtyards the
optimum courtyard ratios for hot climate regions is the one that minimize solar
radiation in summer to thus reduce the required energy for cooling. This indicates
that courtyards differ in characteristics based on the region climate, form’s
proportions, and location latitude (Aldawoud, 2008; Muhaisen, 2006; Yaşa & Ok,
2014). A research made in four different climates namely; cold, temperate, hot
humid and hot-dry to test the impact of a squared courtyard surrounded from all
sides. By using DOE2.1E as a simulation tool this study concluded that the courtyard
performance differ from climate to another and results proved that courtyards are
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more efficient is hot humid and hot dry climates than in it was in cold and temperate
climates (Aldawoud, 2008). Regarding the courtyard proportions, a study was
conducted in four different climatic regions to compare six different courtyard
shapes (ratios of 1:1, 1:1.5, 1:2, 1:2.5, 1:3, 1:5) under different climates. Results
proved that the increase in the courtyard length has a direct impact on increasing the
energy consumption, therefore the more the shape of the courtyards come closer to
square the more the shadowy area increases which will result in a decrease of the
amount of cooling energy needed as showing in Figure. 22 (Yaşa & Ok, 2014).

Figure 22: Building’s total heat transfer amount for January day hours period
On the other hand, another study was made in four different cities Kuala
(Yaşa & Ok, 2014)
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Lumpur, Cairo, Rome and Stockholm that presents the four different climate
regions of hot humid, hot dry, temperate and cold climates, respectively. This study
tested the impact of changing the courtyard’s proportion and height on energy
reduction (See Figure. 23). Results stated that changing the elongation of courtyards
have no significant effect especially in hot and temperate climates due to the altitude
of the sun (See Figure. 24). The study concluded that deep courtyards provide better
shadowing and suggested that the optimum height for hot humid regions is three
storey while two storey is perfect for hot dry and moderate regions. On the other
hand, cold regions function better with one storey to allow the solar rays to warm the
space (See Figure. 25). However, according to form direction it was found that
placing the long axis along the northeast–Southwest is the best (Muhaisen, 2006).
Similar long-term study was made in 6 different cities in Italy in order to cover the
different climates, the data used (air temperature, vapor pressure, air velocity and
cloud cover) was recorded for 30 years. This research focused mainly on the impact
of height/width proportion on energy consumption. The results concluded that a high
proportion of 4:5 to 5:5 is recommended for warm climates while lower proportion
of 3:5 to 4:5 is more suitable for cold climates which comply with the results found
in the previous study (Martinelli & Matzarakis, 2017).
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Figure 23: Investigated rectangular courtyard forms (Muhaisen, 2006)

Figure 24: Effect of changing the courtyard proportions on the wall-shaded area in
summer (Muhaisen, 2006)
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Figure 25: Reduction percentage in the maximum achievable shaded and sunlit areas
(Muhaisen, 2006)
Aside from shading effects on courtyards, a research was also made to
investigate the potential of using courtyards as passive cooling strategy. This study
tested this in hot humid tropics and concluded that courtyards perform better when
they function as “air funnel” discharging air from the courtyard to the sky and this
happens when implementing openings in the building envelope to provide the
courtyard with natural ventilation. On the other hand, courtyards proved to perform
less when functioning as “suction zone” to stimulate air from its opening
(Rajapaksha, Nagai, & Okumiya, 2003).
2.5  Impact of form direction on energy consumption
Building form direction which generally refers to “The placement of a
structure on a site with regard to local conditions of sunlight, wind, drainage, and an
outlook to specific vistas” (Harris, 2005) is also an important factor in terms of
energy consumption as it effect directly the amount of daylighting and ventilation
that enters the building. Therefore, buildings need to be oriented in a way where less
energy is needed to maintain the thermal and visual comfort and this requires good
knowledge of the sun path during the year. The optimum form direction of any
building is also an important factor which generally varies from one place to another
depending on the location and air temperature of the place (Pai & Siddharth, 2015).
A well-oriented building has proved to save significant amount of energy. A recent
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study conducted in UK where 11 scenarios were tested found that a total of 17,056
kWh electricity savings and 27,988 MJ gas savings, which equals £878, can be
achieved throughout the life cycle of the building only by optimizing the form
direction. The study suggested south facing form direction (180 degrees-test 5) is the
best in UK while the worst was facing North-East (45 degrees-test 2) see Figure. 26.
(Abanda & Byers, 2016). Another similar study was conducted in India tested
buildings in three different cities, which represents three different climates
(Bangalore- Moderate Climate, Chennai-Warm & Humid, New Delhi- Composite).
Results revealed that north is the best form direction for moderate climates (See
Figure. 27), while West form direction is preferred for warm and humid with 1.64 %
energy savings (See Figure.28) and East for composite climates with 1.12 % energy
savings (See Figure. 29). The study concluded that there’s no fixed form direction
for buildings to achieve the best energy performance as it depends on the climate as
stated previously (Pai & Siddharth, 2015).

Figure 26: Annual energy cost for the different scenarios (Abanda & Byers, 2016)
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Figure 27: Energy consumption (in MBTU) of building for different form directions
in Bangalore (Pai & Siddharth, 2015)

Figure 28: Energy consumption (in MBTU) of building for different form directions
in Chennai (Pai & Siddharth, 2015)
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Figure 29: Energy consumption (in MBTU) of building for different form directions
in New Delhi (Pai & Siddharth, 2015)
In Romania savings from form direction can reach up to 40% if proper form
direction was selected according to a recent study that suggested South form
direction as the best for summer (which was the best form direction for UK as well)
followed by West, North and finally East (Croitoru et al., 2016). Al Tamimi as well
conducted a research in Malaysia (Hot humid climate) comparing East and West
form directions and concluded that East orientated windows tend to increase the
indoor air temperature (Al Tamimi, 2011). Studies investigating school form
direction are limited, for instance in Jordan researchers conduct an investigation that
tackled the best form direction of school buildings under different glazing types and
sizes. Results revealed that North-South oriented schools consume less energy (40.36
kWh/m2 per year) in comparison to East-West oriented buildings which consume
53.5 kWh/m2 per year. Moreover, it was proved that in the best scenarios (Low
WWR, Double glazing and provide shading) North-East and South-West form
direction achieve the best results in terms of energy performance followed by North-
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West and South-East, while North-South form direction is the best for the worst
scenarios (high WWR, Single Low-E glazing and no shading) (Al-Arja &
Awadallah, 2016).
2.6  Impact of building form on energy consumption
Al-Sallal (2016) stated several points that need to be taken into consideration
when designing effective building form for heat gain reductions. During the early
stages of the design process, designers should give priority for building forms that
provide self-shading and reduce exposure to the sun. In hot dry climates the compact
forms can help to reduce the surface area exposed to the harsh outdoor conditions
(high solar radiation and high ambient temperature) and prevent heat gain.
Compactness of the form is useful during the daytime. At the nighttime, the larger
area of surface exposure helps to lose heat by radiation to the upper atmosphere and
by convection to cool breezes. Moreover, the form should maintain the passage of
the cool breeze through the building’s openings in order to improve cooling of the
indoor. In hot humid climates, the spread-out form can be very effective. Many
advantages can be offered by the introvert form configuration or the courtyard design
especially in hot dry climates (Al-Sallal, 2016).
Studies investigating the correlation between building form and energy
consumption are numerous, even though form direction has a significant impact on
energy consumption its impact is independent of the building shape particularly is
cases where WWR is low (AlAnzi, Seo, & Krarti, 2009). A direct impact of shape on
energy consumption was always proven (AlAnzi et al., 2009; Catalina, Virgone, &
Iordache, 2011; Depecker, Menezo, Virgone, & Lepers, 2001; Koranteng & Abaitey,
2010; Ourghi, Al-Anzi, & Krarti, 2007). According to Al Anzi et al, the impact of
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building shape on energy consumption is related to three factors namely; relative
compactness (RC), WWR and solar heat gain coefficient (SHGC) which is related
the type of glazing. The study explains that even if two buildings had the same RC
but different shapes they might differ in terms of energy consumption due to the
difference of solar exposure of wall area (AlAnzi et al., 2009).
Some researchers tend to use simple numeric indicators to refer to the
building geometric compactness such as the relation between the volume and the
surface area. According to Pessenlehner & Mahdavi this method is not completely
accurate for three reasons, first; it does not capture the specific morphology that
could influence the thermal performance for instance; self-shading that could be
provided via specific forms. Second; compactness does not count for transparent
components, and third; compactness does not count for form direction even though
changing form direction does not change the building compactness but might change
its thermal performance (Pessenlehner & Mahdavi, 2003). Most researchers who
investigate the building shape depend on Relative Compactness which defined as:
“The Relative Compactness (RC) of a shape is derived in that its volume to surface
ration is compared to that of the most compact shape with the same volume”
(Mahdavi & Gurtekin, 2002). RC is completely shape-dependent (Pessenlehner &
Mahdavi, 2003). Two different studies by Mahdavi and Depecker both were carried
out in cold climates to investigate if RC has a direct impact on energy consumption.
Result proved that RC has inverse relationship with heating energy needed in other
words high RC = Low energy consumption (Pessenlehner & Mahdavi, 2003)
(Depecker et al., 2001). A study conducted in two different locations Tunis and
Kuwait to test the relation between building shape and energy consumption where
multiple shapes were selected to be tested under different WWR (gross) values (once
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when WWR=0 and the second when WWR=50% both have clear glazing). Results in
both cases found as expected that high RC buildings has low exterior perimeter wall
area and as a result less energy needed for cooling which indicates that RC is a
reliable variable to indicate the building shape (See Figure. 30). Furthermore, the
study investigated the interrelation between building RC and the size and type of
glazing on energy consumption, they concluded that the building shape can be
defined using not only RC but with WWR and glazing type (AlAnzi et al., 2009).

Figure 30: Normalized annual building (a) total energy use for L, T, H, cut,
rectangular and U building shapes (WWR = 0) as a function of RC (AlAnzi et al.,
2009)
Another study was carried out in France using Dialux software as a
simulation tool. This study tested different building morphologies under different
WWR and climate scenarios. The study relied on the building shape factor Lp
instead of RC like previous studies (“Lp is defined as the ratio between the heated
volume of the building (Vb) and the sum of all heat loss surfaces that are in contact
with the exterior, ground or adjacent non-heated spaces (ΣSi)”). The results revealed
the same results found using RC in both climates (See Figure. 31 and 32). In
addition, this study claimed that a very compacted shape is efficient in terms of
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thermal energy reduction but not for the visual comfort because it reduces the
amount of daylighting that enters the building and as a result more energy will be
consumed by lighting systems. The study found a 30% difference in the visual
comfort between cubical shape (mean Em value = 244 lux) and rectangular shape
(mean Em value = 366 lux). At the same time a reduction of 6-10% in heating demand
for more compacted shapes. Moreover, it was observed that the glazing size and its
distribution also have an impact on energy consumption (Catalina et al., 2011).

Figure 31: Impact of building shape on the heating demand (Nice - hot and humid
climate) (Catalina et al., 2011)

Figure 32: Impact of building shape on the heating demand (Lyon - temperate
climate) (Catalina et al., 2011)
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Even though compacted shapes are proved to be more efficient because they
gain and loose less heat during day and night they also need more artificial light due
to the lack of daylighting. This artificial light will eventually release more heat and
thus require more cooling energy, which mean that relying on compacted shapes
require a careful attention and calculations to not compromise the benefits of
daylighting (Lechner, 2001).

44

Chapter 3: Methods
To answer the research question, a purely quantitative experimental
research was adopted to help evaluate the energy performance of different building
form configurations based on the variables in interest. The research depended
mainly on energy simulation in addition to other methods that were used at the
outset to collect and analyze the required data for developing the needed models for
the simulation.
3.1  Initial Data collection and analysis

This phase was dedicated to collect the required data from reliable resources
such as; ADEK, Abu Dhabi Water and Electricity Authority (ADWEA) and The
National Centre of Meteorology and Seismology (NCMS). This data can be
categorized into to the following:
•   Published information: This category included information from newspapers,
websites, and magazine publications related to the school buildings in UAE.
The collected information from this category helped to understand the history
and developments made in the school design from the beginning.
•   Published work (literature review): This is basically the review of the
literature that was collected from scientific journals and books.
•   UAE Climate: This includes the climatic conditions of the UAE in general
and of Abu Dhabi in particular as presented in section 1.2.2
•   Energy and Water Tariffs in Abu Dhabi: This data is about the energy and
water costs per unit of use in Abu Dhabi Emirate, as defined by ADWEA and
published in local newspapers (“Electricity and water tariff”, 2016). The data
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includes the following; energy cost for electricity = 0.08 $ /kWh, Gas/Oil
11.56 $ /GJoule, Water 2.84 $/ 1000 L.
3.2  Survey of ADEK schools
The data collection started with surveying online all the schools in both Abu
Dhabi and Al Ain cities (both cities exist in Abu Dhabi Emirate) using the school
finder tool application provided by ADEK official website. It was found that the
total number of schools in Abu Dhabi is 244 schools and in Al Ain 167 schools
(See Appendix-2 that includes details about the school name, type, gender, grades,
location, curriculum, latitude, longitude and ID). This large number of the surveyed
schools varied from old to new; also some of which were private while others were
public. As stated earlier in Chapter 1 in the Scope section, this thesis focuses on
only the public schools due to its importance and large number. After eliminating
the private schools, the number decreased to 118 schools in Abu Dhabi and 108
schools in Al Ain.
Another survey was made to investigate the most frequent school forms
from the previous list. This step was carried out by using the GPS school code
provided by School Finder Application (See Figure. 33.) and Google maps. Some
schools were not considered because of their forms that were judged to be
uncommon. The remaining schools were the ones with the most frequent forms (79
in Abu Dhabi city and 72 in Al Ain city). Table 3 presents the final outcome of the
survey process. These schools were categorized into five different prototypes
(Table 4).
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Figure 33: School Finder Application
Table 3: Results of public school survey in Abu Dhabi and Al Ain cities
Form

School Name

City

School GPS
location

1

1.  
2.  
3.  
4.  
5.  
6.  
7.  
8.  
9.  
10.  
11.  
12.  
13.  
14.  
15.  
16.  

Al Ezzah School
Al Khatim School
Al Mutanabi School
Al Qemma School
Al Reyada School
Al Salam School
Al Shawamekh School
Mubarak Bin Mohammed
Al Ahd School
Al Mabade School
Al Shaheen School
Al Sumou School
Al Tomooh School
Al Wagan School
Mezyad School
Refaah School

Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain

24.3201, 54.6191
24.1821, 54.9941
24.3053, 54.6545
24.3641, 54.6927
24.3893, 54.6897
24.4466, 54.7114
24.3293, 54.6451
24.4587, 54.3553
23.4179, 55.4201
24.1608, 55.1306
24.3455, 55.7910
24.0997, 55.9097
24.2134, 55.6371
23.6374, 55.5387
24.0539, 55.8425
24.2482, 55.5559

2

1.   Abdul Jaleel Al Fahim School
2.   Abdul Qader Al Jazaeri School
3.   Abu Dhabi School
4.   Aisha Bint Abi Baker School
5.   Al Aasima School
6.   Al Ajbaan School
7.   Al Amal KG
8.   Al Asala School
9.   Al Bahya School
10.   Al Bateen School
11.   Al Bawadi School
12.   Al Bedaya KG
13.   Al Dhabianeya School
14.   Al Eathaar KG

Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi

24.4417, 54.4361
24.5216, 54.6758
24.4600, 54.3677
24.4657, 54.3711
24.3765, 54.7125
24.5259, 54.6785
24.5248, 54.6848
24.4065, 54.7323
24.5493, 54.6811
24.4605, 54.3445
24.3138, 54.6298
24.3859, 54.7321
24.4327, 54.3969
24.3595, 54.6546
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Table 3: Results of public school survey in Abu Dhabi and Al Ain cities (continued)
Form

School Name

City

School GPS
location

Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain

24.4046, 54.7327
24.4213, 54.7213
24.3951, 54.7337
24.3919, 54.7000
24.3257, 54.6303
24.4223, 54.7417
24.4625, 54.3481
24.2926, 54.6556
24.2858, 54.6466
24.3759, 54.5370
24.4259, 54.7297
24.5412, 54.6803
24.4357, 54.4325
24.4279, 54.5661
24.5399, 54.6777
24.4793, 54.3765
24.3758, 54.7136
24.3973, 54.7333
24.3919, 54.7373
24.6703, 54.7559
24.2645, 54.7013
24.2991, 54.6461
24.3983, 54.7423
24.4057, 54.5035
24.4830, 54.3811
24.5500, 54.6883
24.2934, 54.6408
24.4313, 54.3957
24.4295, 54.4075
24.2994, 54.6209
24.2861, 54.6455
24.5259, 54.6727
24.3061, 54.6531
24.2984, 54.6343
24.3299, 54.5317
24.4665, 54.3553
23.8818, 55.4024
24.1468, 55.6907
24.2739, 55.7641
23.9984, 55.5726
24.7068, 55.6226
24.2534, 55.7247
23.8799, 55.3940

Al Ain

24.0005, 55.5712

Al Ain

24.1675, 55.1153

Al Ain

24.1894, 55.6248

Al Ain
Al Ain
Al Ain
Al Ain
Al Ain

24.2533, 55.7227
24.2333, 55.5501
24.0833, 55.8405
24.0403, 55.8497
24.2113, 55.596

2
15.   Al Erteqaa School
16.   Al Falah KG
17.   Al Hosn School
18.   Al Jeel KG
19.   Al Lulu School
20.   Al Maha School
21.   Al Mawaheb School
22.   Al Moatasem School
23.   Al Noor School
24.   Al Qarm School
25.   Al Qodra School
26.   Al Reef School
27.   Al Reem School
28.   Al Rudwan KG
29.   Al Shahama School
30.   Al Suqoor School
31.   Al Ta'awun School
32.   Al Tafawoq School
33.   Al Taqadom School
34.   Al Taweela School
35.   Al Waleed Bin Abdel
36.   Al Zallaqa School
37.   Bunat Al Ghad KG
38.   Darweesh bin Karam
39.   Fatima Bint Mubarak
40.   Halima Al Sa'adeya
41.   Hamza Bin Abdel
42.   Hamooda Bin Ali School
43.   Khalifa Bin Zayed School
44.   Jern Yafoor School
45.   Omair Bin Yousef School
46.   Sa'ad Bin Mo'aath School
47.   Saad Bin Obada School
48.   Salama Bint Butti School
49.   Seer Bani Yas School
50.   Zayed Al Thani School
51.   Abu Krayyah School- ABU
KRAYYAH
52.   Ahmed Bin Zayed School
53.   Al Ain School-HILI
54.   Al Ataa School- AL DHAHRA
55.   Al Bayan School
56.   Al Bayraq School- AL
TOWAYYA
57.   Al Burooj School- ABU
KRAYYAH
58.   Al Dhahera School- AL
DHAHRA
59.   Al Khazna School- AL
KHAZNAH
60.   Al Maqam School
61.   Al Muraijib School
62.   Al Naeem School
63.   Al Naseem School
64.   Al Rayaheen
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Table 3: Results of public school survey in Abu Dhabi and Al Ain cities (continued)
Form

School Name

City

School GPS
location

2

65.   Al Sariya School- SWEIHAN
66.   Al Talee'a School- REMAH
67.   Al Zayediya KG
68.   Al Zayediya School - boys
69.   Hili School- HILI
70.   Remah School-REMAH
71.   Khaled Bin Al Waleed
72.   Khalifa Bin Zayed School
73.   Makka School
74.   Salama Bint Butti School
75.   Shakhbout Bin Sultan
76.   Sweihan School
77.   Tahnoon Bin Mohamed
78.   Tariq Bin Ziad School
79.   Tifl Al Emarat KG
80.   Um Ayman Bint Thaalaba
81.   Um Ghafa KG
82.   Um Kulthoom School

Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain

24.4653, 55.3425
24.2034, 55.3321
24.1126, 55.7104
24.1351, 55.6989
24.2887, 55.7662
24.1921, 55.7911
24.1921, 55.7911
24.2656, 55.7321
24.2316, 55.6832
24.2037, 55.5881
24.2287, 55.5527
24.4653, 55.3301
24.1357, 55.6977
24.1819, 55.6123
24.0757, 55.8430
24.1853, 55.7149
24.0995, 55.9075
24.1866, 55.6213

3

1.   Ain Jaloot School
2.   Al Afaaq School
3.   Al Asayel School
4.   Al Fateh School
5.   Al Ghazali School
6.   Al Ittihad School
7.   Al Mostaqbal School
8.   Al Qadisiya School
9.   Al Rahba School
10.   Al Ruwad School
11.   Al Sameeh School
12.   Al Wathba School
13.   Ibn Sina School
14.   Khadeeja Al Kubra
15.   Mohamed Bin Al Qasem
16.   Moza Bint Butti School
17.   Sas Al Nakhl School
18.   Um Al Emarat School
19.   Al Nahyaniya School
20.   Al Badiya School
21.   Al Bedaa School- NAHEL
TOWN
22.   Al Danat School
23.   Al La'alei School- AL
MUTAREDH
24.   Al Ma'ali School
25.   Al Nahyaniya School- AL
JAHILI
26.   Al Quaa School
27.   Al Tamayoz School
28.   Nahel School-NAHEL TOWN
29.   Al Wagan School- AL WAGAN
30.   Tariq Bin Ziad School-AL
MAQAM
31.   Nahel School

Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Al Ain
Al Ain
Al Ain

24.5197, 54.6627
24.4591, 54.3683
24.4133, 54.5709
24.3493, 54.6495
24.4575, 54.3401
24.4616, 54.3432
24.4591, 54.3827
24.4416, 54.4039
24.5951, 54.7007
24.2400, 54.7248
24.6417, 54.7303
24.2441, 54.7095
24.5213, 54.6887
24.4818, 54.3691
24.3740, 54.6629
24.5569, 54.6771
24.4171, 54.5687
24.4087, 54.7315
24.2182, 55.7570
23.6313, 55.5527
24.5103, 55.4899

Al Ain
Al Ain

23.4104, 55.4259
24.2292, 55.7404

Al Ain
Al Ain

24.1884, 55.7395
24.2182, 55.7570

Al Ain
Al Ain
Al Ain
Al Ain
Al Ain

23.4149, 55.4281
24.1948, 55.7355
24.5196, 55.5381
23.6374, 55.5387
24.1819, 55.6123

Al Ain

24.5196, 55.5381

49

Table 3: Results of public school survey in Abu Dhabi and Al Ain cities (continued)
Form
4

5

School Name

City

School GPS
location

Al Danah School
Al Watan School
Al Jana'en School
Al Jood School- AL SALAMAT
Al Khair School
Al Narjes School
Al Sa'ada School
Mohammed Bin Khalid SchoolAL MUWAIJI
9.   Neima School-NEIMA
10.   Mohammed Bin Khalid

Abu Dhabi
Abu Dhabi
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain
Al Ain

24.3047, 54.5920
24.3715, 54.6397
24.1603, 55.6635
24.2094, 55.5838
24.2299, 55.5550
24.0885, 55.7026
23.4196, 55.4128
24.2077, 55.7275

Al Ain
Al Ain

24.1086, 55.7048
24.2077, 55.7275

1.  
2.  
3.  
4.  
5.  
6.  

Abu Dhabi
Abu Dhabi
Abu Dhabi
Abu Dhabi
Al Ain
Al Ain

24.4605, 54.3586
24.4564, 54.7378
24.4584, 54.7218
24.5040, 54.5916
24.1964, 55.5338
24.1468, 55.6907

Al Ain
Al Ain

23.4179, 55.4201
24.1608, 55.1306

Al Ain
Al Ain

24.3455, 55.7910
24.0997, 55.9097

Al Ain

24.2134, 55.6371

Al Ain
Al Ain

24.0539, 55.8425
24.2482, 55.5559

1.  
2.  
3.  
4.  
5.  
6.  
7.  
8.  

Hamdan Bin Zayed
Rooh Al Ittihad School
Um Al Arab School
Yas School
Aalya School- AL YAHAR
Ahmed Bin Zayed SchoolZAKHIR
7.   Al Ahd School- AL QUA'A
8.   Al Mabade School- AL
KHAZNAH
9.   Al Shaheen School- AL FOAH
10.   Al Sumou School- UM
GHAFFA
11.   Al Tomooh School- AL
BATEEN
12.   Mezyad School- MEZYAD
13.   Refaah School-AL YAHAR
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Table 4: The most frequent school forms in Abu Dhabi and Al Ain cities.
Prototype

Form

1

Prototype

Form

2

Description: LCs surrounding one Description: Classrooms surrounding one
small covered courtyard

big uncovered courtyard.

3

4

Description: Classrooms surrounding Description: LCs adjacent.
2 courtyards
5

Description:

LCs

separated

by

coutyards.

Based on an interview with the staff in the engineering section of ADEK,
who clarified that only the new school models would remain used while all the "old
designs" would no longer be authorized due to sustainability concerns, it was
decided at this point to focus on only the NSM. ADEK has introduced so far six of
these models; yet two of them were considered as being less frequent cases or still
in under development therefore they were not considered in this research; one was
a model for KG schools and another one (still under development) was a model for

51
large size schools (3000 students).
3.3  ADEK case studies analysis
A total number of four case studies from the new school model in Abu Dhabi
have been analyzed below. The analysis helped to develop prototypes that cover all
of the six models presented by ADEK (Note that the fifth model is used only for KG
therefore it was excluded, and the 6th model is still under development). It also
helped to obtain the data needed for developing the simulation cases. The majority of
the new school models have been designed as “finger-plan school”. The finger-plan
school is defined as parallel rows of south-facing, highly glazed classrooms, linked
by long corridors (Guedes, 1979). This design configuration appears as a
consequence of the influence of hygiene and economy ideas that calls for integration
of sunlight as an important ingredient in schools. The analysis of each case study
includes three sections; first: introduction about the school, second; the space
program and third; the architectural drawings (the site plan, the floor plans, and the
roof plan).
Case study one: Al Jood school
Al Jood is a public primary school located in Al Ain with a total area of
21765 m2 and a Number of floors of G +1, constructed in 2013 as a part of the new
school visions presenting the first model of ADEK’s New School Models. This
school was designed to serve 1250 students in cycle 1 and 160 students in KG, with a
total number of 10 learning communities each containing five classrooms. Table 5
presents the school profile. Figures 34-37 show the site plan, ground floor plan, first
floor plan, and roof plan of the school.
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Table 5: Al Jood school profile
School profile
Model reference
School type (Public/Private)

Model 1
Public

Cycle

1 + KG

Location

Al Ain

Year of construction
Number of floors
Number of learning communities
Number of classrooms per L.C

2013
G +1
10
5

Total number of students

1250 (cycle 1) 160 (KG)

Figure 34:	
  Site plan, Al Jood school, Al Ain- (ADEK, 2016)	
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Figure 35: Ground floor plan, Al Jood school, Al Ain (ADEK, 2016)

Figure 36: First floor plan, Al Jood school, Al Ain (ADEK, 2016)
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Figure 37: Roof plan, Al Jood school, Al Ain (ADEK, 2016)

Space program
The school is mainly divided into five sections in terms of function, KG
section, learning communities’ section, common spaces section (gymnasium, library,
music room, clinic…etc.), Circulation (which presents 40% of the total area of all
mentioned sections) and finally MEP section. Table 6 presents the sections of this
school with the total area of each section. Tables 7 and 8 present the spaces of each
section along with their areas.
Table 6: Al Jood school space program
Space
KG
Common areas
Learning communities
Circulation
MEP
Total

Area (m2)
1580
4092
9420
6037
636
21765

55

Table 7: Al Jood common areas program
Common Areas

Area (m2)

Swimming
Sports
Music
Special Education
Library
Multi Hall
Admin
Clinic
Nursery
Reception
Cafeteria
Prayer

1125
222
176
330
150
485
120
139
290
843
212

Table 8: Al Jood Learning community space program
Learning Community Spaces
Class rooms
Breakout space
Teachers
Science Lab
M.S.E
Courtyard
WC + stairs

Area (m2)
375
242
55
65
68
75
62

Case study two: Al Sammalia school
Al Sammalia is a public middle and high school located in Abu Dhabi, with a
total area of 16843 m2, it was constructed in 2012 with a height of G+1, this school
presents the second model of ADEK’s new school models, this school was designed
to serve a total of 1260 students from both cycle 2 and 3, with a total number of 7
learning communities each one contains 6 classrooms. Table 9 presents the school
profile. Figure 38-41 represent the site plan, ground floor plan, first floor plan, and
roof floor plan of the school.
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Table 9: Al Sammalia school profile
School profile
Model reference
School type (Public/Private)

Model 2
Public

Cycle

2 and 3

Location
Abu Dhabi
Year of construction
2012
Number of floors
G +1
Number of learning communities
7
Number of classrooms per L.C
6
Total number of students
1260

Figure 38: Site plan, Al Sammalia school, Abu Dhabi (ADEK, 2016)
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Figure 39: Ground floor plan, Al Sammalia school, Abu Dhabi (ADEK, 2016)

Figure 40: First floor plan, Al Sammalia school, Abu Dhabi, (ADEK, 2016)

58

Figure 41: Roof plan, Al Sammalia school, Abu Dhabi (ADEK, 2016)
Space program
The space program of this school is divided into 4 sections (i.e., less than the
previous case study with one section due to the absence of the KG section): the first
section provides space requirements for the learning communities; the second section
provides space requirements for the common spaces such as the swimming pool, the
gymnasium, the library, the music room, the clinic, and other common educational
spaces; the third section provides space requirements for all the mechanical,
electrical, and plumbing systems (MEP); and finally the fourth section provides
space requirements for the building circulation which is approximately 40% of the
total area. Table 10 presents the sections of this school with the total area of each
section. Tables 11 and 12 present the spaces of each section along with their areas.
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Table 10: Al Sammalia school space program
Space
KG
Shared activities
Learning communities
Circulation
MEP
Total

Area (m2)
5290
6391
4486
350
16843

Table 11: Al Sammalia learning community space program
Learning community
Class rooms
Breakout space
Teachers
Science Lab
M.S.E
Court yard
WC

Area (m2)
390
-245
80
90
68
40

Table 12: Al Sammalia common areas space program
Common Areas
Swimming + changing

Area (m2)
730

Sports
Music + Art
Special Education
Library
Courtyard
Admin
Clinic
Nursery
Reception
Cafeteria
Prayer

1300
300
125
315
460
490
120
80
400
820
150

Case study three: Al Showaib school
Al Showaib is a public primary school located in Al Ain with a total area of
16130 m2 and a height of G+1, constructed in 2013; it presents the third model of
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ADEK’s new school models, this school was designed to serve a maximum capacity
of 1140 students in cycle 1,2 and 3 combined and approximately 160 another student
in KG, with a total number of 8 learning communities each one contains from 4 to 5
classrooms. Table 13 presents the school profile. Figures 42, 43 and 44 represent the
site plan, ground floor plan and first floor plan of the school.
Table 13: Al Showaib school profile
School profile
Model reference
School type (Public/Private)

Model 3
Public

Cycle

1,2,3 + KG

Location

Al Ain

Year of construction

2013

Number of floors
G +1
Number of learning communities
8
Number of classrooms per
5 (except 2 L.C that has
L.C
only 4)

Figure 42: Site plan, Al Showaib, Al Ain (ADEK, 2016)
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Figure 43: Ground floor plan, AL Showaib, Al Ain (ADEK, 2016)

Figure 44: First floor plan, Al Showaib. Al Ain (ADEK, 2016)
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Space program
The school in mainly divided into 5 sections in terms of function, KG section,
learning communities’ section (including all the 3 cycles combined), common spaces
section (Swimming pool, gymnasium, library, music room, clinic…etc.), Circulation
(equals approximately 40% of the total area of all previously mentioned sections)
and finally MEP section, Table 14 presents the sections of this school with the total
area of each section. Tables 15 and 16 present the spaces of each section along with
their areas.
Table 14: Al Showaib space program
Space
KG
Shared activities
Learning communities
Circulation
MEP
Total

Area (m2)
925
5049
5240
4486
430
16130

Table 15: Al Showaib learning community space program
Learning community
Class rooms
Breakout space
Teachers
Science Lab
M.S.E
WC + Stairs

Area (m2)
295
172
45
75
24
44
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Table 16: Al Showaib common areas space program
Common Areas
Swimming + sports
Music
Special Education
IT
Library
Multi Hall
Admin
Clinic
Nursery
Reception
Cafeteria

Area (m2)
1810
88
131
330
150
535
71
139
190
755
850

Case study four: Al Falah School
Al Falah is a public middle and high school located in Abu Dhabi with a total
area of 26296 m2 and a height of G+2, constructed in 2014; it presents the fourth
model of ADEK’s new school models, this school was designed to host a large
number of students that can reach up to 2100 students in both cycle 2,3 combined,
with a total number of 14 learning communities each one contains from 5
classrooms. Table 17 presents the school profile. Figure 45-49 represent the site plan,
ground floor plan, first floor plan, second floor plan and roof plan of the school.
Table 17: Al Falah school profile
School profile
Model reference
School type (Public/Private)

Model 4
Public

Cycle
Location
Year of construction
Number of floors
Number of learning communities
Number of classrooms per L.C

2 and 3
Abu Dhabi
2014
G+2
14
5

Total number of students

2100
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Figure 45: Site plan, Al Falah school, Abu Dhabi (ADEK, 2016)

Figure 46: Ground floor plan, Al Falah school, Abu Dhabi (ADEK, 2016)
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Figure 47: First floor plan, Al Falah School, Abu Dhabi (ADEK, 2016)

Figure 48: Second floor plan, Al Falah School, Abu Dhabi (ADEK, 2016)
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Figure 49: Roof plan, Al Falah School, Abu Dhabi (ADEK, 2016)

Space program:
The school has 5 sections in terms of function, learning communities’ section
(including 2nd and 3rd cycles combined), common spaces section (Swimming pool,
gymnasium, library, music room, clinic…etc.), Circulation (approximately 40% of
the total area of all sections) and finally MEP section. Table 18 presents the sections
of this school with the total area of each section. Tables 19 and 20 present the spaces
of each section along with their areas.

Table 18: Al Falah space program
Space
KG
Shared activities
Learning communities
Circulation
MEP
Total

Area (m2)
5969
12278
7298.8
750
26296
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Table 19: Al Falah common areas space program
Common Areas
Swimming
Sports
Music
Special Education
Art
IT
Library
Multi Hall
Admin
Clinic
Nursery
Reception
Cafeteria
Prayer

Area (m2)
1324
1300
176
110
164
413
188
669
89
174
238
944
183

Table 20: Al Falah learning community space program
Learning community
Class rooms
Break
Teachers
Science Lab
M.S.E
WC+ stairs
Court yard

Area (m2)
350
230
70
117
110
-

The case studies analysis helped to address the potential design variables
that could improve energy performance in the school form and to define the range
of the different design variables. The following points outlines the findings from
the case studies analysis:
Learning community and courtyard proportion
The LC form differs from one case to another in terms of dimensions and
length to width proportions. Table. 21 presents the LC forms’ proportion of some
case studies, which varies from 1:1.38 to 1:1.5. The space width between two
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different LC units, defined as the courtyard, varies from 0, when the two LC units
are attached (refer to al Jood school as an example) to approximately 14 m (Refer
to Al Falah school). Figure. 50 demonstrates the outline of the different case
studies where the varieties between the cases are shown.

Table 21: LC forms’ proportion (length to width) of the case studies
School
Al Jood
Al
Showaib
Al Falah
Average

LC Area
(m2)
942

LC
Length
31

22.5

LC
Proportion
1.38

Number of
floors
2

709

33

22

1.50

2

929
860

38
34

27
23.8

1.41
1.43

3
2.3

LC Width

Figure 50: Variation of LC form proportion and courtyard spacing width in the case
studies
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Learning community area
The area of the learning communities varied between 942 to 709 m2 (Table
21 addressed the different LC areas in the case studies). The proposed area by
ADEK for a 5-classroom LC (similar to the case studies) was equal to 750 m2.
Number of floors
The number of floors ranges between two and three in the case studies.
Most schools (3 out of 4) had only G +1. (Refer to Table 21).
Window to wall ratio
The gross window to wall ratio varies from one school to another. Only the WWR
of Al Jood School (Table 22) and Al Falah school (Table 23) were calculated (the only
obtained façades). The results revealed a variation between approximately 20 to 30%.

Table 22: Al Jood school window to wall ratio calculations
AL JOOD
LC
Number
1

2

3

4

Average

LC side

Wall area

Window area

WWR

1/A

110.63

36.00

0.33

1/B

103.61

26.76

0.26

1/C

27.30

9.00

0.33

1/D

57.54

20.10

0.35

2/A

110.63

36.00

0.33

2/B

103.61

26.76

0.26

2/C

27.30

9.00

0.33

2/D

57.54

20.10

0.35

3/A

110.63

36.00

0.33

3/B

103.61

26.76

0.26

3/C

27.30

9.00

0.33

3/D

57.54

20.10

0.35

4/A

110.63

36.00

0.33

4/B

103.61

26.76

0.26

4/C

27.30

9.00

0.33

4/D

57.54

20.10

0.35

74.77

22.97

0.32
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Table 23: Al Falah school window to wall ratio calculations
AL Falah
LC. Number

LC side

Wall area

Window area

WWR

1

1/A

163.63

41.95

0.26

1/B

117.73

15.00

0.13

1/C

170.00

25.80

0.15

2/A

163.63

41.95

0.26

2/B

117.73

15.00

0.13

2/C

170.00

25.80

0.15

3/A

163.63

36.70

0.22

3/B

117.73

15.00

0.13

3/C

170.00

31.05

0.18

4/A

163.63

36.70

0.22

4/B

117.73

15.00

0.13

4/C

170.00

31.05

0.18

5/A

155.98

20.75

0.13

5/B

116.88

15.00

0.13

2

3

4

5

6

5/C

167.88

20.75

0.12

6/A

163.63

36.70

0.22

6/B

117.73

15.00

0.13

6/C

170.00

31.05

0.18

149.860

26.125

0.17

Average

After analyzing the case studies, which reflect the different four models, the
following design parameters are found to vary from one case to another:
•   Learning community (LC) width and length proportions (varied from 1:1.381:1.5)
•   The space width between the learning communities, which is referred to as
“courtyard Space width (C)" (Varied from 0-14 m)
•   The number of floors. (Varied from 2-3 floors)
•   The form axis direction of the school (Varied between (N/W-S/E) and (N/ES/W) form axis direction.
•   The Window to wall ratio (WWR) (Varied from 17 - 32%).
Those variables are the focus of this research. Figure. 51 demonstrates the
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accurate intended meaning of each variable.

Figure 51: Representation of the main components in each case

3.4  Experimental design
The research comprises two experiments that were planned in a way that
helps to investigating all related aspects of the form design of the new school
model.

Each experiment has a different objective and planned outcomes.

Experiment-1 tackles the building form issue in a more regulated way. The
characteristics of building form in the planned cases were derived from values that
reflect mainly (or were most common in) the case studies of the recent ADEK
schools. The values (or ranges) of the design variables used in the experiment were
determined in the data collection stage based on ADEK case studies and design
guidelines (ADEK Manual Design, 2013). These included the ranges for the size
(length and width) of the LC and courtyards and the values for the glazing area and
number of floors. The focus of this experiment is to investigate how these ADEK
standard design variables affect energy consumption. In this regard, the results of
this experiment would be a valid representative of today’s realistic cases; yet with
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limited generalizability if applied to other non-standard cases (that might be
adopted in the future) or to other building types. Experiment-1 helped to examine
(and compare between) different proportions of LC forms (i.e.; ranging from a
square to a rectangle shape, with length-to-width proportion = 0.8-1.8), tested with
different courtyard widths; yet with the same total floor area, glazing area, and the
number of floors. The number of floors in all cases of Experiment 1 was 2 floors.
The window area in all cases of Experiment-1 was fixed to a specific value; which
is 61.25 m2. This value is calculated based on gross WWR= 35%; that was judged
to provide cheerful daylit classrooms. The outcomes of Experiment-1 are expected
to be helpful to designers after making decisions regarding the number of floors
and glazing area or WWR.

Experimen-2 on the other hand tackles the issue of the building form in a
more comprehensive and abstract way. The ultimate goal is to produce a method
that can deal with building form in its abstraction and has potential to produce
results applicable to unlimited design situations. The procedure of the experiment
and the selected cases were designed in a way that helps to develop its findings to
useful design tools. Therefore, the focus of this experiment is to examine an
extensive number of different building forms (which have the same total floor area
and volume) and how to relate the findings to abstract design variables (such as
relative compactness and ratios of verticality and horizontality of the form) that
influences energy consumption. In addition to the standard cases (that are similar to
the adopted case studies of ADEK), Experiment-2 was designed to include some
extreme cases. The inclusion of these cases was intentional as this was seen
necessary to fully understand how changing the building form, as a dynamic design
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behavior, would influence energy consumption. For instance, it involved the height
of six floors in some of the tested cases and very thin LC geometries (linear shapes)
for other cases, or sometimes the combination of both. Assignment of the glazing
area in the tested cases in Experiment-2 depended on gross WWR values (0%,
20%, and 40%) rather than using fixed glazing size. The planned outcomes that can
be produced by Experiment-2 will have a high generalizability as they can be
applied to many variations of the LC based finger plan school forms as well as to
any building type (e.g.; offices or university buildings) that exists under similar
climatic conditions. It is also expected to help designers take effective decisions at
the early stages of the design process regarding the most optimum building form
(high versus low compactness and verticality versus horizontality) for energy
savings. Unnecessary details found in the school forms were eliminated in both
experiments in order for the results to have better generalizability (See Figure 52).

Figure 52: The process of simplifying the architectural drawings for
simulation

3.4.1  Experiment-1
The testing of the cases went through two main stages, stage one was
designed to investigate the performance of different LC’s and courtyard
proportions while stage two was designed to investigate the performance of two
different form axis directions.
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Stage one (Initial phase)
This stage includes a total number of 25 different cases that varies in the
proportion of the LC and courtyard. The size of the form (length and width) in the
investigated cases is designed following a modular system with a module value
equal to 1.25 m, taking into consideration the fact that this modular system might
change in some cases to keep the exact same surface area. Therefore, each
dimension of the size is based on multiples of this module. The following points
summarize the characteristics of the tested cases in this phase:
•   Five different learning community proportions ranging from 1.2:1
(horizontal rectangle = 30*25 m) to 1:1.8 (vertical rectangle = 20*37.5 m).
The range of dimension was selected based on the values obtained from the
case studies; For instance, the 20 m width of the learning community was
maintained (as a minimum) to ensure providing proper space for the learning
community functions (See Figure.53).
•   Five different courtyard proportions ranging from 10 m (rectangle
courtyard) to 30 m (square courtyard).
•   One form-axis direction was tested (i.e.; the E-W form axis direction).
Figure. 54 represents all the 25 cases of this phase.
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Figure 53: The suggested LC proportions.

Figure 54: The 25 cases of different LC and courtyards, Phase one, Experiment-1
Stage two
After investigating the form and courtyard proportions in stage one based
on the E-W form axis direction, here in stage two only the extreme cases of these
two form proportions (i.e.; most linear form versus most squarely form) were tested
again under the N-S form axis direction. The reason for doing this was to verify if
change of direction would change pattern of performance.
E-W form axis direction
This group includes a total number of 4 different cases that share the E-W
form axis direction (See Figure.55.):
•   Two different LC forms LC-1 (30 m*25 m) and LC-5 (20 m*37.5 m)
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•   Two different courtyards C-10 (space width =10 m) and C-30 (space width
=30 m)

Figure 55: The 4 cases of phase two, E-W form axis direction, Experiment-1
N-S form axis direction
This group includes a total number of 4 different cases that share the N-S
form axis direction (See Figure.56.):
•   Two different LC forms LC-1 (30*25) and LC-5 (20*37.5)
•   Two different courtyards C-10 (space width =10 m) and C-30 (space width
=30 m)

Figure 56: The 4 cases of Phase two, N-S form axis direction, Experiment-1
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The coding system
To simplify the indication to the different cases of Experiment-1, a system
of coding was adopted. This can be outlined as follows:
•   E-W form axis direction: refers to the East-West form axis direction.
•   N-S form axis direction: refers to the North-South form axis direction.
•   LC-1: refers to the first Learning Community (dimension 30*25 m).
•   LC-2: refers to the second Learning Community (dimension 27.38*27.38 m).
•   LC-3: refers to the third Learning Community (dimension 25*30 m).
•   LC-4: refers to the fourth Learning Community (dimension 22.5*33.33 m).
•   LC-5: refers to the fifth Learning Community (dimension 20*37.5 m).
•   C-10: refers to a courtyard space width that equals 10 m.
•   C-15: refers to a courtyard space width that equals 15 m.
•   C-20: refers to a courtyard space width that equals 20 m.
•   C-25: refers to a courtyard space width that equals 25 m.
•   C-30: refers to a courtyard space width that equals 30 m.
3.4.2  Experiment-2
Experiment-2 has a total of 126 cases, divided into six different groups with
each has 21 form geometries. These groups are the six possible combinations (2 x
3) between the two form axis directions (i.e.; E-W form axis Direction and N-S
form axis Direction) and the three WWR’s (0%, 20%, and 40%), adopted in this
experiment. Similar to Experiment-1, the size of the form (length and width) in the
investigated cases is designed following a modular system with a module value
equal to 1.25 m, taking into consideration the fact that this modular system might
change in some cases to keep the exact same surface area. The following points
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summarize the characteristics of the 126 tested cases in Experiment-2:
•   Three different learning community proportions ranging between 1:1 (Square
form = 27.38*27.38 m) to 1:7.5 (Thin rectangle= 10*75 m).
•   Two different courtyard space width, ranging between 10 to 30 m.
•   Four different number of floors, ranging between one floor to six floors.
•   Two form-axis directions; East-West and North-South.
•   Three sets of different Window to Wall Ratio, ranging between 0 to 40%.

The cases of the first group (WWR0/E-W form axis direction) are presented
in Figure. 57 and the cases of the second group (WWR0/N-S form axis direction)
are presented in Figure. 58. These same two figures can also be used to exemplify
the same method of arrangements for the remaining four groups. The only
differences are in the values of WWR (20% or 40% instead of 0%) and the form
axis direction (N-S instead of E-W). Figures. 59, 60, and 61 show perspectives of
the 21 form geometries used in the experiment.
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Figure 57: Cases of the first group sharing a common direction (E-W form axis
direction) and WWR 0%
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Figure 58: Cases of the second group sharing a common direction (S-N form axis
direction) and WWR 0%
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Figure 59: Perspective views of the 21 form geometries used in Experiment 2, part 1

Figure 60: Perspective views of the 21 form geometries used in Experiment 2, part 2

Figure 61: Perspective views of the 7 form geometries used in Experiment 2,
subgroups LC1-C10 and LC1-30
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Coding the cases of Experiment-2
To simplify the indication to the different cases of Experiment-2, a system
of coding was adopted. This can be outlined as follows:
•   WWR 0: refers to zero percent of the window to wall ratio.
•   WWR 20: refers to 20 percent of the window to wall ratio.
•   WWR 40: refers to 40 percent of the window to wall ratio.
•   E-W form axis direction: refers to the direction East-West of the school form
axis direction.
•   E-W form axis direction: refers to the direction North-South of the school
form axis direction.
•   LC1: refers to the first form (Learning community dimension 10*75 m).
•   LC2: refers to the second form (Learning community dimension 20*37.5 m).
•   LC3: refers to the third form (Learning community dimension 27.33*27.33 m).

•   C10: refers to 10 m spacing courtyard.
•   C20: refers to 20 m spacing courtyard.
•   C30: refers to 30 m spacing courtyard.
•   FLR1: refers to 1-floor building.
•   FLR2: refers to 2-floor building.
•   FLR3: refers to 3-floor building.
•   FLR6: refers to 6-floor building.

(Example: WWR0/E-W form axis direction /LC1/C10/ FLR1 refers to the
case where Window to wall ratio = 0, Form axis direction E-W, learning
community dimension (10*75 m) and courtyard =10m, one floor).
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The simulation software, ENERWIN e9
It was rational to use the energy simulation software ENERWIN e9 in this
thesis. First, ENERWIN e9 has many strength points as a simulation tool:
•   It permits accurate hour-by-hour energy calculations in minimal time. This
was seen as a great strength and benefit since the research plan was to include
extensive number of simulation runs/cases in order to understand in full how
the dynamic change of form behavior will affect energy consumption. The
data entry and the modifications of data between different cases are done very
quickly and with high accuracy and confidence. Running the simulations is
also very fast and takes minimal time. Most importantly, the software has
been used for many years mainly by researchers and established a good
reputation.
•   It provides a variety of monthly and annual results including; utility energy
and costs, peak HVAC loads, a thermal comfort analysis, life cycle cost
summary and greenhouse emissions.
•   The software comes with default weather data for over 2030 cities (including
Abu Dhabi city), lighting power densities of 40 types of buildings based on
ASHRAE'S standards (90.1-2007, 90.1 2010, 189.1 for green buildings).
•   It permits changing some values manually to meet the building criteria (U
factor, utility cost…etc.).
•   It helps to set the ventilation rates and occupancy densities based on
ASHRAE Standards 62.1-2010
•   It helps to set operation schedules based on the chosen building type and
usage parameters (occupancy, hot water use, lighting, fans and ventilation,
summer and winter thermostat settings).
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There were also other rational reasons for choosing ENERWIN e9. The
software was already available for use by the main advisor of the thesis and his
research team including students. It was purchased in a previous research project
and renewed. Due to the lack of funds for this thesis, it was decided that using
ENERWIN would be a reasonable decision.

Data input to the ENERWIN e9
The process of data input to the program is shown in Figures. 62 and 63.
These two Figure show the input data of the base case (WWR0/ROT 0180/F2/C20/FR2) as an example; which includes the building sketch and zone
description windows:

Figure 62: Building sketch example of case WWR0/ROT 0-180/F2/C20/FR2,
EnerWin-e9
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Figure 63: Zone description example of zone 1, case WWR0/ROT 0180/F2/C20/FR2, EnerWin-e9

During the input process, the building design parameters were selected and
sometimes modified to comply with ADEK requirements. Some of the common
parameters in the investigated cases can be outlined as follows:
•  

Energy efficiency measures following ASHRAE 90.1 2010 version.

•  

Ceiling height of 3.75 m for each floor as obtained from the case studies.

•  

HVAC system: VAV w/ parallel FCU (Cent. Chilled Water C.T.)

•  

Electrical lighting system: Fluorescent.

•  

Exterior Exposure: Grass area.

•  

Target lux in classrooms = 500 lux.

•  

Wall, roof, and glazing areas are modified manually from the input data
tables to ensure consistency between the cases.
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The process of generating the results
The output in ENERWIN comes in the form of two different types:
graphical and tabular.
•   The graphical output provides the following data: peak heating loads, peak
cooling loads, breakdown of the annual heating loads, annual cooling loads,
all in the format of bar-chart while monthly heating and cooling loads, and
monthly utility bills in the format of line graphs. (See Figures. 64 and 65)
•   The tabular data embrace nine sections: Project Data, Zone Data, Monthly
Summary, HVAC Design Data, Peak Demand Profiles, Cost Analysis,
Weather Summary, Floating Temperatures, and Hourly Output. (See Figure.
66).

Figure 64: Bar-chart example of case WWR0/ROT 0-180/F2/C20/FR2, EnerWin-e9
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Figure 65: Line graph example of case WWR0/ROT 0-180/F2/C20/FR2, EnerWine9

Figure 66: Tabular output example of case WWR0/ROT 0-180/F2/C20/FR2,
EnerWin-e9
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3.5 Results and Discussion
The results section aims to present and describe the results obtained from
the simulation of all the different cases in both experiments; descriptive graphs and
charts were used to illustrate the variation in energy consumption between the
different cases. The discussion section aims to analyze and discuss the obtained
results with relation to the abstract design variables namely; Relative compactness,
verticality, and horizontality. The calculations of these variables are as follows:
Calculate the relative compactness (shape factor)
RC is essential to indicate the building shape as concluded from previous
studies. Relative compactness can be defined as: “The Relative Compactness of a
shape is derived in that its volume to surface ration is compared to that of the most
compact shape with the same volume” (Mahdavi & Gurtekin, 2002). Therefore, to
determine the RC of all cases its necessary to start first by defining the most
compacted shape of the same volume to be considered as RC = 1. Which; in this
case is a cube of a total surface area that equals 6535 m2. Table 24 demonstrates the
surface area, geometric compactness and relative compactness of all cases in
Experiment-2.
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Table 24: Relative compactness calculation of Experiment-2
Forms
Cube (Reference)
Form 1
(10*75) Courtyard
10 m

Form 1
(10*75) Courtyard
30 m

Form 2
(20*37.5) Courtyard
10 m

Form 2
(20*37.5) Courtyard
30 m

Form 3
(27.33*27.33)
Courtyard 10 m

Form 3
(27.33*27.33)
Courtyard 30 m

Number Total surface Total Volume
Relative
Compactness
of floors
compactness
(m2)
(m3)
-

6535

47250

0.14

1.00

1 floor

20420

47250

0.43

0.32

2 floors

14340

47250

0.30

0.46

3 floors

12525

47250

0.27

0.52

6 floors

12000

47250

0.25

0.54

1 floor

21053

47250

0.45

0.31

2 floors

14700

47250

0.31

0.44

3 floors

12615

47250

0.27

0.52

6 floors

12000

47250

0.25

0.54

1 floor

17409

47250

0.37

0.38

2 floors

11213

47250

0.24

0.58

3 floors

9240

47250

0.20

0.71

6 floors

7725

47250

0.16

0.85

1 floor

18100

47250

0.38

0.36

2 floors

11700

47250

0.25

0.56

3 floors

9536

47250

0.20

0.69

6 floors

7727

47250

0.16

0.85

1 floor

16790

47250

0.36

0.39

2 floors

10543

47250

0.22

0.62

3 floors

8508

47250

0.18

0.77

6 floors

6784

47250

0.14

0.96

1 floor

17512

47250

0.37

0.37

2 floors

11090

47250

0.23

0.59

3 floors

8892

47250

0.19

0.73

6 floors

6784

47250

0.14

0.96

Calculate verticality and horizontality
Verticality was calculated by dividing the total vertical surface area of the
case on the total vertical+ horizontal surface area of the same case. Horizontality
was calculated by dividing the total horizontal surface area of the case on the total
vertical+ horizontal surface area of the same case. Table 25 represents the results of
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verticality and horizontality.
Verticality= vertical surface area/ (vertical+ horizontal) surface area
Horizontality= horizontal surface area/ (vertical+ horizontal) surface area.
Table 25: Verticality and horizontality calculation of Experiment-2
LC and
courtyard

LC-1(10*75)
Courtyard
10 m

LC-1 1(10*75)
Courtyard
30 m

LC-2(20*37.5)
Courtyard
10 m

LC-2(20*37.5)
Courtyard
30 m
LC-3
(27.38*27.38)
Courtyard
10 m
LC-3
(27.38*27.38)
Courtyard
30 m

Number
of floors

Horizontal
Surface
2
area (m )

Vertical
Surface
2
Area (m )

Total
Surface
Area
2
(m )

Horizontality

Verticality

1 floor

12600

7820.5

20420.5

0.62

0.38

2 floors

6300

8040.0

14340.0

0.44

0.56

3 floors

4200

8325.0

12525.0

0.34

0.66

6 floors

2100

9900.0

12000.0

0.18

0.83

1 floor

12600

8453.4

21053.4

0.60

0.40

2 floors

6300

8400.0

14700.0

0.43

0.57

3 floors

4200

8415.0

12615.0

0.33

0.67

6 floors

2100

9900.0

12000.0

0.18

0.83

1 floor

12600

4808.8

17408.8

0.72

0.28

2 floors

6300

4912.5

11212.5

0.56

0.44

3 floors

4200

5040.0

9240.0

0.45

0.55

6 floors

2100

5625.0

7725.0

0.27

0.73

1 floor

12600

5500.0

18100.0

0.70

0.30

2 floors

6300

5400.0

11700.0

0.54

0.46

3 floors

4200

5335.7

9535.7

0.44

0.56

6 floors

2100

5627.0

7727.0

0.27

0.73

1 floor

12600

4190.0

16790.0

0.75

0.25

2 floors

6300

4243.1

10543.1

0.60

0.40

3 floors

4200

4308.3

8508.3

0.49

0.51

6 floors

2100

4684.0

6784.0

0.31

0.69

1 floor

12600

4912.0

17512.0

0.72

0.28

2 floors

6300

4790.0

11090.0

0.57

0.43

3 floors

4200

4692.0

8892.0

0.47

0.53

6 floors

2100

4684.0

6784.0

0.31

0.69
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Chapter 4: Experiment-1 (Cases’ Arrangements and Results)
This chapter presents the results obtained from the simulation of
Experiment-1. A detailed descriptive and graphical representation of the results is
provided. Experiment-1 involves a total number of 37 cases that can be visualized
logically in the tree-like structure shown in Figure. 67. The cases are designed in a
way that can help to understand fully how the dynamic behavior of changing the
form proportions (in two dimensions: X and Y) influences the building energy
performance. Results of several design variables defining the learning community
form proportion, the courtyard space proportion, and form axis direction are
addressed here in order to assess their impact on energy consumption and
greenhouse emissions. The form direction (East-West and North-South) can also be
described as high-level control variable within the tree-like decision making
structure. In this regard, Form direction can be thought of as a variable in the
logical structure of the form design whose value is determined in the earlier stages
of the design process; i.e., compared to other design variables controlling the form
geometrical proportion.

The performance variable “Energy Performance” is considered as the main
performance variable of this research. It is expressed in MJ/m2.y unit, the EUI or
the total energy consumed by the building in one year (measured in MJ) by the
total gross floor area of the building. In addition to the energy consumption, there
are other important performance variables related to energy are presented in this
chapter. These are as follows:
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•   Energy cost in terms of U.S. Dollars and the equivalent value in UAE
currency (AED).
•   Environmental impact performance variables; which includes:
Ø   CO2 emissions levels in metric tons.
Ø   Sulfur Dioxide (SO2) emissions levels in metric tons.
Ø   The Nitrogen Oxides (NOx) emission levels in metric tons.

This chapter also presents the results for the annual energy breakdown
between the different energy uses including space cooling, space heating, lighting,
water heating, fan and motors, and equipment for all the investigated cases. This
investigation helps to easily view those energy uses that cause the most energy
consumption for further action.

Figure 67: Tree-like structure of Experiment-1
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4.1  Phase one
4.1.1  Cases’ arrangement
This group includes 25 cases that can be visualized logically in the tree-like structure
shown in Figure. 68.

Figure 68: Tree-like structure of phase one, Experiment-1
This group comprises five subgroups; each one is characterized by a
different courtyard space width. These are as follows:
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A subgroup of five cases with courtyard space width equals 10 m: This subgroup
of cases (5 cases) has one common characteristic; which is the space width of the
courtyard equal to 10 m; in addition to the other common characteristics set for all
the 25 cases of the same group. The cases of this subgroup are shown in Table 26.

Table 26: Cases of phase one, Experimen-1, Courtyard 10 m
Case Name

Description

E-W form axis

2-floor finger-plan building form

direction /LC1-

with 6 learning communities each has

C10

the size of 30 m by 25 m, and 10 m
width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC2-

with 6 learning communities each has

C10

the size of 27.38 m by 27.38 m, and
10 m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC3-

with 6 learning communities each has

C10

the size of 25 m by 30 m, and 10 m
width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC4-

with 6 learning communities each has

C10

the size of 22.5 m by 33.3 m, and 10
m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC5-

with 6 learning communities each has

C10

the size of 20 m by 37.5 m, and 10 m
width courtyards in between.

Top view/Perspective
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A subgroup of five cases with courtyard space width equals 15 m: This subgroup
of cases (5 cases) has one common characteristic; which is the space width of the
courtyard equal to 15 m; in addition to the other common characteristics set for all
the 25 cases of the same group. The cases of this subgroup are shown in Table 27.

Table 27: Cases of phase one, Experimen-1, Courtyard 15 m
Case Name

Description

E-W form axis

2-floor finger-plan building form

direction /LC1-C15

with 6 learning communities each
has the size of 30 m by 25 m, and
15 m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC2-C15

with 6 learning communities each
has the size of 27.38 m by 27.38
m, and 15 m width courtyards in
between.

E-W form axis

2-floor finger-plan building form

direction /LC3-C15

with 6 learning communities each
has the size of 25 m by 30 m, and
15 m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC4-C15

with 6 learning communities each
has the size of 22.5 m by 33.3 m,
and 15 m width courtyards in
between.

E-W form axis

2-floor finger-plan building form

direction /LC5-C15

with 6 learning communities each
has the size of 20 m by 37.5 m,
and 15 m width courtyards in
between.

Top view/Perspective

96
A subgroup of five cases with courtyard space width equals 20 m: This subgroup
of cases (5 cases) has one common characteristic; which is the space width of the
courtyard equal to 20 m; in addition to the other common characteristics set for all
the 25 cases of the same group. The cases of this subgroup are shown in Table 28.

Table 28: Cases of phase one, Experimen-1, Courtyard 20 m
Case Name

Description

E-W form axis

2-floor finger-plan building form

direction /LC1-C20

with 6 learning communities each
has the size of 30 m by 25 m, and
20 m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC2-C20

with 6 learning communities each
has the size of 27.38 m by 27.38
m, and 20 m width courtyards in
between.

E-W form axis

2-floor finger-plan building form

direction /LC3-C20

with 6 learning communities each
has the size of 25 m by 30 m, and
20 m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC4-C20

with 6 learning communities each
has the size of 22.5 m by 33.3 m,
and 20 m width courtyards in
between.

E-W form axis

2-floor finger-plan building form

direction /LC5-C20

with 6 learning communities each
has the size of 20 m by 37.5 m,
and 20 m width courtyards in
between.

Top view/Perspective
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A subgroup of five cases with courtyard space width equals 25 m: This subgroup
of cases (5 cases) has one common characteristic; which is the space width of the
courtyard equal to 25 m; in addition to the other common characteristics set for all
the 25 cases of the same group. The cases of this subgroup are shown in Table 29.

Table 29: Cases of phase one, Experimen-1, Courtyard 25 m
Case Name

Description

E-W form axis

2-floor finger-plan building form

direction /LC1-C25

with 6 learning communities each
has the size of 30 m by 25 m, and
25 m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC2-C25

with 6 learning communities each
has the size of 27.38 m by 27.38
m, and 25 m width courtyards in
between.

E-W form axis

2-floor finger-plan building form

direction /LC3-C25

with 6 learning communities each
has the size of 25 m by 30 m, and
10 m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC4-C25

with 6 learning communities each
has the size of 22.5 m by 33.3 m,
and 25 m width courtyards in
between.

E-W form axis

2-floor finger-plan building form

direction /LC5-C25

with 6 learning communities each
has the size of 20 m by 37.5 m, and
25 m width courtyards in between.

Top
view/Perspective

98
A subgroup of five cases with courtyard space width equals 30 m: This subgroup
of cases (5 cases) has one common characteristic; which is the space width of the
courtyard equal to 30 m; in addition to the other common characteristics set for all
the 25 cases of the same group. The cases of this subgroup are shown in Table 30

Table 30: Cases of phase one, Experimen-1, Courtyard 30 m
Case Name

Description

E-W form axis

2-floor finger-plan building form

direction /LC1-C30

with 6 learning communities each
has the size of 30 m by 25 m, and
30 m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC2-C30

with 6 learning communities each
has the size of 27.38 m by 27.38 m,
and 30 m width courtyards in
between.

E-W form axis

2-floor finger-plan building form

direction /LC3-C30

with 6 learning communities each
has the size of 25 m by 30 m, and
30 m width courtyards in between.

E-W form axis

2-floor finger-plan building form

direction /LC4-C30

with 6 learning communities each
has the size of 22.5 m by 33.3 m,
and 30 m width courtyards in
between.

E-W form axis

2-floor finger-plan building form

direction /LC5-C30

with 6 learning communities each
has the size of 20 m by 37.5 m, and
30 m width courtyards in between.

Top view/Perspective
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4.1.2  Cases’ results
Energy consumption results
The energy consumption results for all the 25 cases in this group are shown
in Table 31. The columns in this chart represent the energy consumption (in
MJ/m2.y). These cases represent different the combinations of LC and Courtyard
options (as explained above). From these simulation results, one can observe the
following:
•   The change of the LC form proportion causes a noticeable change in energy
consumption. The LC-5 (the most linear form) cases generally have a higher
potential in achieving energy savings than the other LC forms, followed by
the other cases: LC-4, LC-3, LC-2, and lastly LC-1. The difference in
performance between LC-5 and LC-1 with the different courtyard
combinations is summarized in Table 32.

Table 31: Energy consumption results of phase one, Experiment-1
LC1

(MJ/m2.y)

Courtyard_10
Courtyard_15
Courtyard_20
Courtyard_25
Courtyard_30

1235.6
1239.1
1249.2
1246.9
1253.5

LC2
(MJ/m2.y)
1235.1
1238.7
1242.8
1247.6
1250.1

LC3
(MJ/m2.y)
1234.4
1240.5
1239.1
1243.4
1248.0

LC4
(MJ/m2.y)
1236.1
1232.7
1236.5
1239.0
1243.3

LC5
(MJ/m2.y)
1227.2
1229.3
1233.1
1241.3
1241.1
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Table 32: The difference in performance between LC-5 and LC-1 expressed in
MJ/m2.y with the different courtyard combinations
The difference between the best
case (LC-5) and the worst case
(LC-1). (LC-1 – LC-5) (MJ/m2.y)

Subgroup Cases
A subgroup of cases with courtyard
space width equals 10 m
A subgroup of cases with courtyard
space width equals 15 m
A subgroup of cases with courtyard
space width equals 20 m
A subgroup of cases with courtyard
space width equals 25 m
A subgroup of cases with courtyard
space width equals 30 m

8.4 (2.3 KWh)
9.8 (2.7 KWh)
16.1 (4.5 KWh)
5.5 (1.5 KWh)
12.4 (3.4 KWh)

•   The change of the second horizontal form proportion (The courtyard) can make
a slight improvement as well in energy consumption. One can observe how C10
case, which is the linear form, performs better than C15, C20, C25 and C30 in
all cases. The difference in performance between C10 and C30 with the different
LC combinations is summarized in Table 33.

Table 33: The difference in performance between C10 and C30 expressed in
MJ/m2.y with the different LC combinations
Difference between the best courtyard (C10) and the worst
The cases

courtyard (C30)
(C-30 – C-10) (MJ/m2.y)

LC-1

17.9 (5 KWh)

LC-2

15 (4.2 KWh)

LC-3

13.7 (3.8 KWh)

LC-4

7.2 (2 KWh)

LC-5

13.9 (3.9 KWh)
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Energy cost results
The difference between LC-1 and LC-5 in energy cost is remarkable (i.e.,
an average of US$ 0.23 /m2 per year, which is equivalent to AED 0.83/m2 /y); that
is a saving of US$ 2846.8 (AED 10447.73/y in energy consumption in a typical
school of 12,600 m2. The difference between C10 and C30 cases in energy
consumption is also remarkable (an average of US$ 0.3 (AED 1.07)/m2/y); that is
a saving of US$ 3680 (AED 13504.14/y) in a typical school of 12,600 m2.

Environmental impact results
The executed simulation runs of Experiemnt-1 have also computed the
Greenhouse Gas (GHG) emissions, namely; CO2, SO2, and NOX. The results of
these in any particular case have a direct dependence on the energy consumption of
that case. In other words, the less consumed energy leads to less greenhouse
emissions. Therefore, the energy savings capacity by one of these cases over
another one results in an equivalent capacity for improving the environmental
impact. Tables 34, 35, and 36 show the results of CO2, SO2, and NOX respectively.
One can deduce from here that the horizontality of the form is a design parameter
that has a slight effect in reducing GHG emissions. Table 37 express the average of
the difference between the best and worst LC and courtyard cases.

Table 34: CO2 results of phase one, Experiment-1
CO2
Courtyard_10
Courtyard_15
Courtyard_20
Courtyard_25
Courtyard_30

LC1
(Metric
Tons)
1432.43
1434.43
1446.07
1443.31
1451.02

LC2
(Metric
Tons)
1429.73
1433.91
1438.63
1444.25
1447.5

LC3
(Metric
Tons)
1428.91
1436
1434.36
1439.38
1444.74

LC4
(Metric
Tons)
1430.98
1426.92
1431.39
1434.25
1439.27

LC5
(Metric
Tons)
1420.6
1423.05
1427.38
1436.97
1436.68
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Table 35: SO2 results of phase one, Experiment-1
SO2
Courtyard_10
Courtyard_15
Courtyard_20
Courtyard_25
Courtyard_30

LC1
(Metric
Tons)
7.452
7.552
7.612
7.592
7.642

LC2
(Metric
Tons)
7.522
7.502
7.572
7.602
7.622

LC3
(Metric
Tons)
7.522
7.552
7.552
7.572
7.602

LC4
(Metric
Tons)
7.532
7.512
7.532
7.552
7.572

LC5
(Metric
Tons)
7.482
7.482
7.512
7.572
7.562

Table 36: NOX results of phase one, Experiment-1
NOX
Courtyard_10
Courtyard_15
Courtyard_20
Courtyard_25
Courtyard_30

LC1
(Metric
Tons)
1.56
1.56
1.59
1.59
1.59

LC2
(Metric
Tons)
1.56
1.56
1.59
1.59
1.59

LC3
(Metric
Tons)
1.56
1.59
1.56
1.59
1.59

LC4
(Metric
Tons)
1.56
1.56
1.56
1.56
1.59

LC5
(Metric
Tons)
1.56
1.56
1.56
1.59
1.59

Table 37: Average values of CO2, SO2, and NOX of phase one expressed in Metric
tons, Experiment-1

Average of Average of
LC-1
LC-5
(Metric
(Metric
tons)
tons)

CO2
SO2
NOX

1441
7.57
1.58

1429
7.52
1.57

Difference
(Metric
tons)

12
0.05
0.01

% Of
Difference

Average
of
C-10
(Metric
tons)

Average
of
C-30
(Metric
tons)

Difference
(Metric
tons)

% Of
Difference

1%
1%
0.4%

1429
7.5
1.56

1444
7.6
1.59

15
0.1
0.03

1%
1%
2%

Annual energy breakdown results
The results revealed that cooling consumes the largest part of energy
compared to other systems. On average 39% of the total energy is consumed by
cooling system, followed by water heating (17%), fan motors (16%) equipment
(14%), lighting (12%) and finally, space heating (2%) (See Figure. 69). The
cooling load increases slightly with the increase of the courtyard space width. The
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energy requirements by the other systems remain almost constant in all cases. (See
Figure. 70). Moreover the highest levels of the energy consumption were recorded
during July and August for all cases, when cooling loads are the highest.

2)
Energy
consumption
(MJ/m
Energy
consumption
(GJ)

Figure 69: The average of the annual energy breakdown percentage results of phase
one, Experiment-1

Figure 70: Annual energy breakdown results of phase one, Experiment-1
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4.2  Phase Two
This phase includes two groups that can be visualized logically in the treelike structure shown in Figure. 71. Each group has one common characteristic,
which is the axis of building form direction.

Figure 71: Tree-like structure of phase two, Experiment-1
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4.2.1  East-West form axis direction
This group includes 4 cases that share the E-W form axis direction. it
comprises only two subgroups each of these is characterized by a different
courtyard space width. These are as follows:

A subgroup of two cases with courtyard space width equals 10 m: This subgroup
of cases has one common characteristic; which is the space width of the courtyard
equal to 10 m; in addition to the other common characteristics set for all the 4 cases
of the same general group. The cases of this subgroup are shown in Table 38.

Table 38: Cases of the Phase Two, Courtyard 10 m, E-W form axis direction,
Experiment-1
Case Name

Description

E-W form axis

2-floor finger-plan

direction /LC1-C10

building form with 6
learning communities
each has the size of 30 m
by 25 m, and 10 m width
courtyards in between.

E-W form axis

2-floor finger-plan

direction /LC5-C10

building form with 6
learning communities
each has the size of 20 m
by 37.5 m, and 10 m
width courtyards in
between.

Perspective
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A subgroup of two cases with courtyard space width equals 30 m: This subgroup
of cases has one common characteristic; which is the space width of the courtyard
equal to 30 m; in addition to the other common characteristics set for all the 4 cases
of the same general group. The cases of this subgroup are shown in Table 39.

Table 39: Cases of the Phase Two, Courtyard 30 m, E-W form axis direction,
Experiment-1
Case Name

Description

E-W form axis

2-floor finger-plan building

direction/LC1-C30

form with 6 learning

Perspective

communities each has the
size of 30 m by 25 m, and 30
m width courtyards in
between.
E-W form axis

2-floor finger-plan building

direction/LC5-C30

form with 6 learning
communities each has the
size of 20 m by 37.5 m, and
30 m width courtyards in
between.

4.2.2  Cases’ results
Energy consumption results
The energy consumption results for all the 4 cases in this group are shown
in table 40. The columns in this chart represent the energy consumption (in
MJ/m2.y). These cases represent the combinations of LC and Courtyard options (as
explained above). From these simulation results, one can observe the following:
•  

The change of the LC form proportion causes a remarkable change in energy
consumption. The LC-5 (the most linear form) cases generally have a higher
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potential in achieving energy savings than The LC-1 cases. The difference in
performance between LC-5 and LC-1 with the different courtyard
combinations is summarized in Table 41.

Table 40: Energy consumption results of phase two, E-W form axis direction,
Experiment-1
Energy
consumption
E-W form
axis direction

LC1/C10
(MJ/m2.y)

LC1/C30
(MJ/m2.y)

LC5/C10
(MJ/m2.y)

LC5/C30
(MJ/m2.y)

1242.725

1261.825

1233.45

1251.8

Table 41: The difference in performance between LC-5 and LC-1 with the different
courtyard combinations expressed in MJ/m2.y, E-W form axis direction, Experiment-1
The difference between the best case
Subgroup Cases

(LC-5) and the worst case (LC-1).
(LC-1 – LC-5) (MJ/m2.y)

A subgroup of cases with courtyard
space width equals 10 m
A subgroup of cases with courtyard
space width equals 30 m

9.27 (2.6 KWh)
10 (2.8 KWh)

•   The change of the second horizontal form proportion (The courtyard) can
make a noticeable improvement as well in energy consumption. One can
observe how C10 case, which is the linear form, performs better than C30 in
all cases. The difference in performance between C10 and C30 with the
different LC combinations is summarized in Table 42.
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Table 42: The difference in performance between C10 and C30 with the different LC
combinations expressed in MJ/m2.y, E-W form axis direction, Experiment-1
Learning community

Difference between the best courtyard (C10) and the
worst courtyard (C30). (C-30 – C-10) (MJ/m2.y)

LC1

19.1 (5.3 KWh)

LC5

18.35 (5.1 KWh)

Energy cost results
The difference between LC-1 and LC-5 in energy cost is remarkable (i.e.,
an average of US$ 0.2/m2 per year, which is equivalent to AED 0.76/m2 per year);
that is a saving of US$ 2626.3 (AED 9638.7 per year) in energy consumption in a
typical school of 12,600 m2. The difference between C10 and C30 cases in energy
consumption is also remarkable (an average of US$ 0.4 (AED 1.5)/m2 per year);
that is a saving of US$ 5096.2 (AED 12809.95 per year) in a typical school of
12,600 m2.

Environmental impact results
The executed simulation runs of E-W form axis direction, Experiemnt-1 has
also computed the Greenhouse Gas (GHG) emissions, namely; CO2, SO2, and
NOX. The results of these in any particular case have a direct dependence on the
energy consumption of that case. In other words, the less consumed energy leads to
less greenhouse emissions. Therefore, the energy savings capacity by one of these
cases over another one results in an equivalent capacity for improving the
environmental impact. Table 43 shows the results of CO2, SO2, and NOX
respectively. The values in these Figure are presented in metric tons. One can
deduce from here that the horizontality of the form is a design parameter that has a
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slight effect in reducing GHG emissions. Table 44 express the average of the
difference between the best and worst LC and courtyard cases.

Table 43: CO2, SO2, NOX results of phase two, E-W form axis direction,
Experiment-1

CO2
SO2
NOX

LC1-C10
(Metric
tons)
1443.97
7.602
1.59

LC5-C10
(Metric
tons)
1422.54
7.482
1.56

LC1-C30
(Metric
tons)
1458.57
7.682
1.59

LC5-C30
(Metric tons)
1443.96
7.602
1.59

Table 44: Average values of CO2, SO2, and NOX of phase two expressed in Metric
tons, E-W form axis direction, Experiment-1
Average

Average

of

of

Difference

Average

Average

of

of

Difference

LC-1

LC-5

(Metric

C-10

C-30

(Metric

(Metric

(Metric

tons)

(Metric

(Metric

tons)

tons)

tons)

tons)

tons)

CO2

1450

1437

13

1%

1434

1454

20

1%

SO2

7.6

7.5

0.1

1%

7.5

7.6

0.1

1%

NOX

1.58

1.58

0

0%

1.57

1.59

0.02

1%

% Of
Difference

% Of
Difference

Annual energy breakdown results
The results revealed that cooling consumes the largest part of energy
compared to other systems. On average 40% of the total energy is consumed by
cooling system, followed by water heating and fan motors (16% for both)
equipment (14%), lighting (12%) and finally, space heating (2%) (See Figure. 72).
The cooling load increases slightly with the increase of the courtyard space width.
The energy requirements by the other systems remain almost constant in all cases.
(See Figure. 73). Moreover the highest levels of the energy consumption were
recorded during July and August for all cases, when cooling loads are the highest.

110

Energy consumption (GJ)

Figure 72: The average of the annual energy breakdown percentage results of phase
two, E-W form axis direction, Experiment-1

Figure 73: Annual energy breakdown results of phase two, E-W form axis direction,
Experiment-1
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4.2.3  North-South form axis direction
This group includes 4 cases that share the N-S form axis direction. it
comprises only two subgroups each of these is characterized by a different
courtyard space width. These are as follows:
A subgroup of two cases with courtyard space width equals 10 m: This subgroup
of cases has one common characteristic; which is the space width of the courtyard
equal to 10 m; in addition to the other common characteristics set for all the 4 cases
of the same general group. The cases of this subgroup are shown in Table 45.

Table 45: Cases of the Phase Two, N-S form axis direction, Courtyard 10 m,
Experiment-1
Case Name

Description

E-W form axis direction 2-floor finger-plan
/LC1-C10

building form with 6
learning communities
each has the size of 30 m
by 25 m, and 10 m width
courtyards in between.

E-W form axis direction 2-floor finger-plan
/LC5-C10

building form with 6
learning communities
each has the size of 20 m
by 37.5 m, and 10 m
width courtyards in
between.

Perspective
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A subgroup of two cases with courtyard space width equals 30 m: This subgroup
of cases has one common characteristic; which is the space width of the courtyard
equal to 10 m; in addition to the other common characteristics set for all the 4 cases
of the same general group. The cases of this subgroup are shown in Table 46.

Table 46: Cases of the Phase Two, N-S form axis direction, Courtyard 30 m,
Experiment-1
Case Name

Description

E-W form axis

2-floor finger-plan building

direction /LC1-C30

form with 6 learning

Perspective

communities each has the
size of 30 m by 25 m, and
30 m width courtyards in
between.
E-W form axis

2-floor finger-plan building

direction /LC5-C30

form with 6 learning
communities each has the
size of 20 m by 37.5 m,
and 30 m width courtyards
in between.

4.2.4  Cases’ results
Energy consumption results
The energy consumption results for all the 4 cases in this group are shown
in table 47. The columns in this chart represent the energy consumption (in
MJ/m2.y). These cases represent the combinations of LC and Courtyard options (as
explained above). From these simulation results, one can observe the following:

113
•  

The change of the LC form proportion causes a remarkable change in energy
consumption. The LC-5 (the most linear form) cases generally have a higher
potential in achieving energy savings than The LC-1 cases. The difference in
performance between LC-5 and LC-1 with the different courtyard
combinations is summarized in Table 48.

Table 47: Energy consumption results of phase two, N-S form axis direction,
Experiment-1

N-S form
axis
direction

LC1/C10
(MJ/m2.y)

LC1/C30
(MJ/m2.y)

LC5/C10
(MJ/m2.y)

LC5/C30
(MJ/m2.y)

1245.925

1257.15

1231.575

1246

Table 48: The difference in performance between LC-5 and LC-1 with the different
courtyard combinations expressed in MJ/m2.y, N-S form axis direction, Experiment-1

Subgroup Cases
A subgroup of cases with courtyard
space width equals 10 m
A subgroup of cases with courtyard
space width equals 30 m

The difference between the best case
(LC-5) and the worst case (LC-1).
(LC-1 – LC-5) (MJ/m2.y)
14.75 (4.1 KWh)
11.15 (3.1 KWh)

•   The change of the second horizontal form proportion (The courtyard) can
make a noticeable improvement as well in energy consumption. One can
observe how C10 case, which is the linear form, performs better than C30 in
all cases. The difference in performance between C10 and C30 with the
different LC combinations is summarized in Table 49.
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Table 49: The difference in performance between C10 and C30 with the different LC
combinations expressed in MJ/m2.y, N-S form axis direction, Experiment-1

Learning community
LC1
LC5

Difference between the best courtyard
(C10) and the worst courtyard (C30).
(C-30 – C-10) (MJ/m2.y)
11.25 (3.1 KWh)
14.25 (4 KWh)

Energy cost results
The difference between LC-1 and LC-5 in energy cost is remarkable (i.e.,
an average of US$ 0.27/m2 per year, which is equivalent to AED 1.01/m2 per year);
that is a saving of US$ 3470.04 (AED 12735.04 per year in energy consumption in
a typical school of 12,600 m2. The difference between C10 and C30 cases in energy
consumption is also remarkable (an average of US$ 0.27 (AED 1.02)/m2 per
year); that is a saving of US$ 3490.5 (AED 12810) per year in a typical school of
12,600 m2.

Environmental impact results
The executed simulation runs of N-S form axis direction, Experiemnt-1 has
also computed the Greenhouse Gas (GHG) emissions, namely; CO2, SO2, and
NOX. The results of these in any particular case have a direct dependence on the
energy consumption of that case. In other words, the less consumed energy leads to
less greenhouse emissions. Therefore, the energy savings capacity by one of these
cases over another one results in an equivalent capacity for improving the
environmental impact. Table 50 shows the results of CO2, SO2, and NOX
respectively. The values in these Figure are presented in metric tons. One can
deduce from here that the horizontality of the form is a design parameter that has a
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slight effect in reducing GHG emissions. Table 51 express the average of the
difference between the best and worst LC and courtyard cases.

Table 50: CO2, SO2, NOX results of phase two, N-S form axis direction, Experiment-1
N-S form
axis
direction
CO2
SO2
NOX

LC1-C10
(Metric tons)

LC5-C10
(Metric tons)

LC1-C30
(Metric tons)

LC5-C30
(Metric tons)

1442.32
7.592
1.59

1425.695
7.502
1.56

1455.32
7.662
1.59

1442.39
7.597
1.59

Table 51: Average values of CO2, SO2, and NOX of the cases of phase two expressed
in Metric tons, N-S form axis direction, Experiment-1
Average

Average

Average

Average

of LC-1

of LC-5

% Of

C-10

C-30

(Metric

(Metric

Difference

(Metric

(Metric

tons)

tons)

tons)

tons)

CO2

1449

1434

15

1%

1432

1447

15

1%

SO2

7.6

7.5

0.1

1%

7.5

7.6

0.1

1%

NOX

1.59

1.57

0.02

1%

1.57

1.59

0.02

1%

Difference
(Metric
tons)

Difference
(Metric
tons)

% Of
Difference

Annual energy breakdown results
The results revealed that cooling consumes the largest part of energy
compared to other systems. On average 39% of the total energy is consumed by
cooling system, followed by water heating (17%), fan motors (16%), equipment
(14%), lighting (12%) and finally, space heating (2%) (See Figure. 74). The
cooling load increases slightly with the increase of the courtyard space width. The
energy requirements by the other systems remain almost constant in all cases. (See
Figure. 75). Moreover the highest levels of the energy consumption were recorded
during July and August for all cases, when cooling loads are the highest.
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Figure 74: The Average of the annual energy breakdown percentage, results of phase
two, N-S form axis direction, Experiment-1

Figure 75: Annual energy breakdown, results of phase two, N-S form axis direction,
Experiment-1
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Chapter 5: Experiment-2 (Cases’ Arrangements and Results)
5.1  Overview
This chapter presents the results obtained from the simulation of
Experiment-2. A detailed descriptive and graphical representation of the results is
provided. Experiment-2 involves an extensive number of cases (a total number of
126 cases) divided into six main groups that can be visualized logically in the treelike structure shown in Figure. 76. It was planned to have this extensive number of
cases in order to fully understand how the dynamic behavior of changing the form
proportions (in three dimensions: X, Y, and Z) influences the building energy
performance. Results of several design variables defining the learning community
form proportion, the courtyard space proportion, the number of floors (representing
form height), the form axis direction, and window to wall ratio are addressed here
in order to assess their impact on energy consumption and GHG emissions. The
form axis direction (E-W or N-S) and the window to wall ratio (WWR) can also be
described as high-level control variables within the tree-like decision making
structure. In this regard, they can be thought of as two variables in the logical
structure of the form design whose values are determined in the earlier stages of the
design process; i.e., compared to other design variables controlling the form
geometrical proportion.
The performance variable “Energy Performance” is considered as the main
performance variable of this research. It is presented/described in the thesis in two
different forms: The performance variable “Energy Performance” is considered as
the main performance variable of this research. It is expressed in MJ/m2.y unit, the
EUI or the total energy consumed by the building in one year (measured in MJ) by
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the total gross floor area of the building.
•   The first is just the direct energy consumption as derived from the
simulation runs (expressed in MJ/m2.y unit, the EUI or the total energy
consumed by the building in one year (measured in MJ) by the total gross
floor area of the building)
•   The second is the normalized energy consumption. The normalized energy
consumption is the ratio between the value of the energy consumption of a
case and the energy consumption of the most compact volume of the form (a
cube that has the same total area of floor/s and WWR). It is a dimensionless
performance variable.

In addition to the energy consumption, there are other important
performance variables related to energy are presented in this chapter. These are as
follows:
•   Energy cost in terms of U.S. Dollars and the equivalent value in UAE
currency (AED).
•   Environmental impact performance variables; which includes:
Ø   CO2 emissions levels in metric tons.
Ø   Sulfur Dioxide (SO2) emissions levels in metric tons.
Ø   The Nitrogen Oxides (NOx) emission levels in metric tons.

This chapter also presents the results for the annual energy breakdown
between the different energy uses including space cooling, space heating, lighting,
water heating, fan and motors, and equipment for all the investigated cases. This
investigation helps to easily view those energy uses that cause the most energy
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consumption for further action.

Figure 76: Tree-like structure of the high level controlled variables, Experiment-2

120
5.2  First group (cases sharing E-W form axis direction and 0 WWR)
5.2.1  Cases’ arrangement (Group1)
This group includes 21 cases that can be visualized logically in the tree-like
structure shown in Figure. 77. The cases share the following common
characteristics; the axis of building forms taking E-W form direction and the WWR
equal to zero.

Figure 77: Tree-like structure of the first group, (E-W form axis direction and 0
WWR), Experiment-2
The first group comprises four subgroups; each one is characterized by a
different number of floors. These are as follows:
A subgroup of six cases with one floor: This subgroup of cases (6 cases)
has one common characteristic; which is the number of floors equal to one; in
addition to the other common characteristics set for all the 21 cases of the same
general group. The cases of this subgroup are shown in Table 52.
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Table 52: Description of the six cases (WWR0, E-W form axis direction, 1 Floor),
Experiment-2
Case Name

Description

WWR0/E-W form axis

1-floor finger-plan building form

direction/LC1-C10-

with 12 learning communities

FLR1

each has the size of 10 m by 75
m, and 10 m width courtyards in
between.

WWR0/E-W form axis

1-floor finger-plan building form

direction/LC1-C30-

with 12 learning communities

FLR1

each has the size of 10 m by 75
m, and 30 m width courtyards in
between.

WWR0/E-W form axis

1-floor finger-plan building form

direction/LC2-C10-

with 12 learning communities

FLR1

each has the size of 20 m by
37.5 m, and 10 m width
courtyards in between.

WWR0/E-W form axis

1-floor finger-plan building form

direction/LC2-C30-

with 12 learning communities

FLR1

each has the size of 20 m by
37.5 m, and 30 m width
courtyards in between.

WWR0/E-W form axis

1-floor finger-plan building form

direction/LC3-C10-

with 12 learning communities

FLR1

each has the size of 27.38 m by
27.38 m, and 10 m width
courtyards in between.

WWR0/E-W form axis

1-floor finger-plan building form

direction/LC3-C30-

with 12 learning communities

FLR1

each has the size of 27.38 m by
27.38 m, and 30 m width
courtyards in between.

Perspective
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A subgroup of six cases with two floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to two; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 53.

Table 53: Description of the six cases (WWR0, E-W form axis direction, 2 Floors),
Experiment-2
Case Name

Description

WWR0/E-W

2-floor finger-plan building form with

form axis

six learning communities each has the

direction/LC1-

size of 10 m by 75 m, and 10 m width

C10-FLR2

courtyards in between.

WWR0/E-W

2-floor finger-plan building form with

form axis

six learning communities each has the

direction/LC1-

size of 10 m by 75 m, and 30 m width

C30-FLR2

courtyards in between.

WWR0/E-W

2-floor finger-plan building form with

form axis

six learning communities each has the

direction/LC2-

size of 20 m by 37.5 m, and 10 m

C10-FLR2

width courtyards in between.

WWR0/E-W

2-floor finger-plan building form with

form axis

six learning communities each has the

direction/LC2-

size of 20 m by 37.5 m, and 30 m

C30-FLR2

width courtyards in between.

WWR0/E-W

2-floor finger-plan building form with

form axis

six learning communities each has the

direction/LC3-

size of 27.38 m by 27.38 m, and 10 m

C10-FLR2

width courtyards in between.

WWR0/E-W

2-floor finger-plan building form with

form axis

six learning communities each has the

direction/LC3-

size of 27.38 m by 27.38 m, and 30 m

C30-FLR2

width courtyards in between.

Perspective
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A subgroup of six cases with three floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to three; in addition to
the other common characteristics set for all the 21 cases of the same general group.
The cases of this subgroup are shown in Table 54.

Table 54: Description of the six cases (WWR0, E-W form axis direction, 3 Floors),
Experiment-2
Case Name

Description

WWR0/E-W form

3-floor finger-plan building form

axis direction/LC1-

with four learning communities each

C10-FLR3

has the size of 10 m by 75 m, and
10 m width courtyards in between.

WWR0/E-W form

3-floor finger-plan building form

axis direction/LC1-

with four learning communities each

C30-FLR3

has the size of 10 m by 75 m, and
30 m width courtyards in between.

WWR0/E-W form

3-floor finger-plan building form

axis direction/LC2-

with four learning communities each

C10-FLR3

has the size of 20 m by 37.5 m, and
10 m width courtyards in between.

WWR0/E-W form

3-floor finger-plan building form

axis direction/LC2-

with four learning communities each

C30-FLR3

has the size of 20 m by 37.5 m, and
30 m width courtyards in between.

WWR0/E-W form

3-floor finger-plan building form

axis direction/LC3-

with four learning communities each

C10-FLR3

has the size of 27.38 m by 27.38 m,
and 10 m width courtyards in between.

WWR0/E-W form

3-floor finger-plan building form with

axis direction/LC3-

four learning communities each having

C30-FLR3

the size of 27.38 m by 27.38 m, and 30
m width courtyards in between.

Perspective
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A subgroup of three cases with six floors: This subgroup of cases (3 cases) has one
common characteristic; which is the number of floors equal to six; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 55.

Table 55: Description of the three cases (WWR0, E-W form axis direction, 6 Floors),
Experiment-2
Case Name

Description

WWR0/E-W form

6-floor finger-plan* building form with

axis direction/LC1-

two learning communities each has the

FLR6

size of 10 m by 75 m.

WWR0/E-W form

6-floor finger-plan* building form with

axis direction/LC2-

two learning communities each has the

FLR6

size of 20 m by 37.5 m.

WWR0/E-W form

6-floor finger-plan* building form with

axis direction/LC3-

two learning communities each having

FLR6

the size of 27.38 m by 27.38 m.

Perspective

* Conceptually this form can also be considered as a finger-plan form; yet because it
has only 1 finger on each side of the core and they are both alligned on the same axis
it appears as a simple linear form to viewers from outside.

5.2.2  Cases’ results (Group1)
Energy consumption results
The energy consumption results for all the 21 cases in this group are shown
in Figure. 78. The columns in this chart represent the energy consumption (in
MJ/m2.y). These cases categorized into the subgroups as explained above, and
shown here on the X-Axis. From these simulation results, one can observe the
following:
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•   The performance becomes better (i.e., less energy consumption) when the
form height (or the number of floors) increases. The difference between the
1-Floor cases and the 2-Floor cases in energy consumption is large (887.2
MJ/m2.y (246.4 KWh) on average); that is a 43% savings of energy
consumption. The difference between the 1-Floor cases and the 6-Floor cases
in energy consumption is huge (1457.9 MJ/m2.y (405 KWh) on average); that
is about 71% savings of energy consumption. Hence, one can deduce from
here that the verticality of the form is a design parameter that has a
considerable effect in reducing energy consumption. The improvement in
performance continues as the building height increases; yet with slightly
diminishing returns as more height is added (e.g. the benefit when increasing
from 3 floors to 6 floors is not as effective as when increasing from 1 floor to
2 floors).
•   In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in
energy consumption.
•   The change of the horizontal form proportion (of the LC) can make a
significant improvement in energy consumption. One can observe how LC-1
case performs better than LC-2 and LC-3 (a difference of 180 MJ/m2.y (50
KWh), calculated on average) when the building height is 1-Floor (the first
subgroup); and how LC-1 and LC-3 cases perform better than LC-2 (a
difference of 90 MJ/m2.y (25 KWh), calculated on average) when the
building height is 2-Floors (the second subgroup). The cases in the third and
the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect this
behavior.

Energy consumption (MJ/m2 Y)
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Figure 78: Energy consumption results of the first group, (E-W form axis direction
and 0 WWR), Experiment-2.
Energy cost results
Energy savings in the first group are found to be significant. The difference
between the 1-Floor cases and the 2-Floor cases in energy cost is large (i.e., an
average of US$ 19.17 /m2 per year, which is equivalent to AED 70.36/m2 per year);
that is a saving of US$ 241,555.61 (AED 886,509.08) per year in energy
consumption in a typical school of 12,600 m2. The difference between the 1-Floor
cases and the 6-Floor cases in energy consumption is huge (an average of US$
31.49 (AED 115.570)/m2 per year); that is a saving of US$ 396,777.53 (AED
1,456,173.53) per year in a typical school of 12,600 m2.
Environmental impact results
The executed simulation runs of Experiment-2 have also computed the
Greenhouse Gas (GHG) emissions, namely; CO2, SO2, and NOX. The results of
these in any particular case have a direct dependence on the energy consumption of

127
that case. In other words, the less consumed energy leads to less greenhouse
emissions. Therefore, the energy savings capacity by one of these cases over
another one results in an equivalent capacity for improving the environmental
impact. Figures 79, 80, 81 show the results of CO2, SO2, and NOX respectively.
The difference between the 1-Floor cases and the 2-Floor cases in GHG
emissions is large (43%). The difference between the 1-Floor cases and the 6-Floor
cases in energy consumption is huge (between 71 and 72%). Table 56 presents the
average of the difference between the cases with 1-Floor and the cases with 2Floors, In addition to the average of the difference between the best cases (6Floors) and worst cases (1-Floor). One can deduce from here that the verticality of
the form is a design parameter that has a significant effect in reducing GHG
emissions.

Table 56: The average values of CO2, SO2, and NOX of group one expressed in
Metric tons, Experiment-2
Average

Average

1-Floor

2-Floor

Difference

cases

cases

(Metric

(Metric

(Metric

tons)

tons)

tons)

CO2 4894.8 2772.2

% of
Difference

2122.6

43%

Average

Average

1-Floor

6-Floor

Difference

cases

cases

(Metric

(Metric

(Metric

tons)

tons)

tons)

4894.8 1408.7

% of
Difference

3486.1

71%

SO2

25.8

14.6

11.2

43%

25.8

7.4

18.4

71%

NOX

5.4

3.1

2.3

43%

5.4

1.5

3.9

72%

In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in GHG
emissions.
The change of the horizontal form proportion (of the LC) can make a
remarkable improvement in GHG emissions. Table 57 demonstrates the impact of
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horizontality on GHG emissions. One can observe how LC-1 case performs better
than LC-2 and LC-3 when the building height is 1-Floor; and how LC-1 and LC-3
cases perform better than LC-2 when the building height is 2-Floors. The cases in
the third and the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect
this behavior.
Table 57: Values of CO2, SO2, and NOX of group one expressed in Metric tons,
Experiment-2
1-Floor

2-Floors

Average

Average

LC-1

(LC-2,

Difference

(Metric

LC-3)

(Metric

tons)

(Metric

tons)

% of
Difference

LC-2

(LC-1,

Difference

(Metric

LC-3)

(Metric

tons)

(Metric

tons)

tons)

% of
Difference

tons)

4605

5040

435

9%

2925

2700

225

8%

SO2

24.3

26.5

2.2

9%

15.4

14.2

1.2

8%

NOX

5.1

5.6

0.5

9%

3.2

3

0.2

8%

CO2 Emissions (Metric tons)

CO2

Figure 79: CO2 results of the first group, (E-W form axis direction and 0 WWR),
Experiment-2

SO2 Emissions (Metric tons)
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NOX Emissions (Metric tons)

Figure 80: SO2 results of the first group, (E-W form axis direction and 0 WWR),
Experiment-2

Figure 81: NOX results of the first group, (E-W form axis direction and 0 WWR),
Experiment-2
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Annual energy breakdown results
The results revealed that cooling consumes the largest part of energy
compared to other systems. On average 37% of the total energy is consumed by
cooling system, followed by lighting, equipment, and water heating equally (16%
of the total energy consumption for each), then fan motors (13%) and finally, space
heating (2%) (See Figure. 82). The cooling load increases slightly with the increase
of the courtyard space width. The energy requirements by the other systems remain
almost constant in all cases. (See Figure. 83). Moreover the highest levels of the
energy consumption were recorded during July and August for all cases, when
cooling loads are the highest.

Figure 82: The average of the annual energy breakdown percentage of the first
group, (E-W form axis direction and 0 WWR), Experiment-2

Energy consumption (GJ)
Energy
consumption (MJ/m2)
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Figure 83: The annual energy breakdown of the first group, (E-W form axis direction
and 0 WWR), Experiment-2

5.3  Second group (cases sharing N-S form axis direction and 0 WWR)
5.3.1  Cases’ arrangement (Group 2)
This group includes 21 cases that can be visualized logically in the tree-like
structure shown in Figure. 84. The cases share the following common
characteristics: the axis of building form taking N-S direction and the WWR equal
to zero.
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Figure 84: Tree-like structure of the second group, (N-S form axis direction and 0
WWR), Experiment-2

The Second group comprises four subgroups; each one is characterized by a
different number of floors. These are as follows:
A subgroup of six cases with one floor: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to one; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 58.
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Table 58: Description of the six cases (WWR0, N-S form axis direction, 1 Floor)
Case Name

Description

WWR0/N-S form axis

1-floor finger-plan building form

direction/LC1-C10-

with 12 learning communities

FLR1

each has the size of 10 m by 75
m, and 10 m width courtyards in
between.

WWR0/N-S form axis

1-floor finger-plan building form

direction/LC1-C30-

with 12 learning communities

FLR1

each has the size of 10 m by 75
m, and 30 m width courtyards in
between.

WWR0/N-S form axis

1-floor finger-plan building form

direction/LC2-C10-

with 12 learning communities

FLR1

each has the size of 20 m by
37.5 m, and 10 m width
courtyards in between.

WWR0/N-S form axis

1-floor finger-plan building form

direction/LC2-C30-

with 12 learning communities

FLR1

each has the size of 20 m by
37.5 m, and 30 m width
courtyards in between.

WWR0/N-S form axis

1-floor finger-plan building form

direction/LC3-C10-

with 12 learning communities

FLR1

each has the size of 27.38 m by
27.38 m, and 10 m width
courtyards in between.

WWR0/N-S form axis

1-floor finger-plan building form

direction/LC3-C30-

with 12 learning communities

FLR1

each has the size of 27.38 m by
27.38 m, and 30 m width
courtyards in between.

Perspective
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A subgroup of six cases with two floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to two; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 59.

Table 59: Description of the six cases (WWR0, N-S form axis direction, 2 Floors)
Case Name

Description

WWR0/N-S form

2-floor finger-plan building form

axis direction/LC1-

with six learning communities each

C10-FLR2

has the size of 10 m by 75 m, and
10 m width courtyards in between.

WWR0/N-S form

2-floor finger-plan building form

axis direction/LC1-

with six learning communities each

C30-FLR2

has the size of 10 m by 75 m, and
30 m width courtyards in between.

WWR0/N-S form

2-floor finger-plan building form

axis direction/LC2-

with six learning communities each

C10-FLR2

has the size of 20 m by 37.5 m, and
10 m width courtyards in between.

WWR0/N-S form

2-floor finger-plan building form

axis direction/LC2-

with six learning communities each

C30-FLR2

has the size of 20 m by 37.5 m, and
30 m width courtyards in between.

WWR0/N-S form

2-floor finger-plan building form

axis direction/LC3-

with six learning communities each

C10-FLR2

has the size of 27.38 m by 27.38 m,
and 10 m width courtyards in between.

WWR0/N-S form

2-floor finger-plan building form

axis direction/LC3-

with six learning communities each

C30-FLR2

has the size of 27.38 m by 27.38 m,
and 30 m width courtyards in between.

Perspective
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A subgroup of six cases with three floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to three; in addition to
the other common characteristics set for all the 21 cases of the same general group.
The cases of this subgroup are shown in Table 60.

Table 60: Description of the six cases (WWR0, N-S form axis direction, 3 Floors)
Case Name

Description

WWR0/N-S form

3-floor finger-plan building form

axis direction/LC1-

with four learning communities each

C10-FLR3

has the size of 10 m by 75 m, and
10 m width courtyards in between.

WWR0/N-S form

3-floor finger-plan building form

axis direction/LC1-

with four learning communities each

C30-FLR3

has the size of 10 m by 75 m, and
30 m width courtyards in between.

WWR0/N-S form

3-floor finger-plan building form

axis direction/LC2-

with four learning communities each

C10-FLR3

has the size of 20 m by 37.5 m, and
10 m width courtyards in between.

WWR0/N-S form

3-floor finger-plan building form

axis direction/LC2-

with four learning communities each

C30-FLR3

has the size of 20 m by 37.5 m, and
30 m width courtyards in between.

WWR0/N-S form

3-floor finger-plan building form

axis direction/LC3-

with four learning communities each

C10-FLR3

has the size of 27.38 m by 27.38 m,
and 10 m width courtyards in between.

WWR0/N-S form

3-floor finger-plan building form

axis direction/LC3-

with four learning communities each is

C30-FLR3

having the size of 27.38 m by 27.38 m,
and 30 m width courtyards in between.

Perspective
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A subgroup of three cases with six floors: This subgroup of cases (3 cases) has one
common characteristic; which is the number of floors equal to six; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 61.

Table 61: Description of the three cases (WWR0, N-S form axis direction, 6 Floors)
Case Name

Description

WWR0/N-S form axis

6-floor finger-plan* building form with

direction/LC1-FLR6

two learning communities each has the

Perspective

size of 10 m by 75 m.
WWR0/N-S form axis

6-floor finger-plan* building form with

direction/LC2-FLR6

two learning communities each has the
size of 20 m by 37.5 m.

WWR0/N-S form axis

6-floor finger-plan* building form with

direction/LC3-FLR6

two learning communities each having
the size of 27.38 m by 27.38 m.

* Conceptually this form can also be considered as a finger-plan form; yet
because it has only 1 finger on each side of the core and they are both alligned
on the same axis it appears as a simple linear form to viewers from outside.

5.3.2 Cases’ results (Group 2)
Energy consumption results
The energy consumption results for all the 21 cases in this group are shown
in Figure. 85. The columns in this chart represent the energy consumption (in
MJ/m2.y) of these cases categorized into the subgroups as explained above, and
shown here on the X-Axis. From these simulation results, one can observe the
following:
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•   The performance becomes better (i.e., less energy consumption) when the
form height (or the number of floors) increases. The difference between the
1-Floor cases and the 2-Floor cases in energy consumption is large (885.2
MJ/m2.y (245.9 KWh) on average); that is a 43% savings of energy
consumption. The difference between the 1-Floor cases and the 6-Floor
cases in energy consumption is huge (1486.3 MJ/m2.y (412.9 KWh) on
average); that is a about 72% savings of energy consumption. Hence, one
can deduce from here that the verticality of the form is a design parameter
that has a considerable effect in reducing energy consumption. The
improvement in performance continues as the building height increases; yet
with slightly diminishing returns as more height is added (e.g. the benefit
when increasing from 3 floors to 6 floors is not as effective as when
increasing from 1 floor to 2 floors).
•   In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in
energy consumption.
•   The change of the horizontal form proportion (of the LC) can make a
significant improvement in energy consumption. One can observe how LC-1
case performs better than LC-2 and LC-3 (a difference of 183.38 MJ/m2.y
(50.9 KWh), calculated on average) when the building height is 1-Floor (the
first subgroup); and how LC-1 and LC-3 cases perform better than LC-2 (a
difference of 72 MJ/m2.y (20 KWh), calculated on average) when the
building height is 2-Floors (the second subgroup). The cases in the third and
the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect this
behavior.

Energy consumption (MJ/m2 Y)

138

Figure 85: Energy consumption results of the second group, (N-S form axis direction
and 0 WWR), Experiment-2
Energy cost results
Energy savings in the second group are found to be significant. The
difference between the 1-Floor cases and the 2-Floor cases in energy cost is large
(i.e., an average of US$ 19.13 /m2 per year, which is equivalent to AED 70.20/m2
per year); that is a saving of US$ 241,009.02 (AED 884,503.10) per year in energy
consumption in a typical school of 12,600 m2. The difference between the 1-Floor
cases and the 6-Floor cases in energy consumption is huge (an average of US$
31.53 (AED 115.710)/m2 per year); that is a saving of US$ 397,258.34 (AED
1,457,938.12) per year in a typical school of 12,600 m2.
Environmental impact results
The executed simulation runs of Experiment-2 have also computed the
Greenhouse Gas (GHG) emissions, namely; CO2, SO2, and NOX. The results of
these in any particular case have a direct dependence on the energy consumption of
that case. In other words, the less consumed energy leads to fewer GHG emissions.
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Therefore, the energy savings capacity by one of these cases over another one
results in an equivalent capacity for improving the environmental impact. Figure
86, 87, and 88 show the result of CO2, SO2, and NOX respectively.
The difference between the 1-Floor cases and the 2-Floor cases in GHG
emissions is large (43%). The difference between the 1-Floor cases and the 6-Floor
cases in energy consumption is huge (between 71 and 72%). Table 62 presents the
average of the difference between the cases with 1-Floor and the cases with 2Floors, In addition to the average of the difference between the best cases (6Floors) and worst cases (1-Floor). One can deduce from here that the verticality of
the form is a design parameter that has a significant effect in reducing GHG
emissions.

Table 62: Average values of CO2, SO2, and NOX of group two expressed in Metric
tons, Experiment-2

CO2

Average

Average

of 1-

of 2-

Floor

Floor

cases

cases

(Metric

(Metric

tons)

tons)

4888.3 2770.8

Difference
(Metric
tons)

Average

Average

of 1-

of 6-

% Of

Floor

Floor

Difference

cases

cases

(Metric

(Metric

tons)

tons)

Difference
(Metric
tons)

% Of
Difference

2117.5

43%

4888.3

1398

3490.3

71%

SO2

25.8

14.6

11.2

43%

25.8

7.4

18.4

71%

NOX

5.4

3.1

2.3

43%

5.4

1.5

3.9

72%

In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in GHG
emissions.
The change of the horizontal form proportion (of the LC) can make a
remarkable improvement in GHG emissions. Table 63 demonstrates the impact of
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horizontality on GHG emissions. One can observe how LC-1 case performs better
than LC-2 and LC-3 when the building height is 1-Floor; and how LC-1 and LC-3
cases perform better than LC-2 when the building height is 2-Floors. The cases in
the third and the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect

CO2 Emissions (Metric tons)

this behavior.

SO2 Emissions (Metric tons)

Figure 86: CO2 results of the second group, (N-S form axis direction and 0 WWR),
Experiment-2

Figure 87: SO2 results of the second group, (N-S form axis direction and 0 WWR),
Experiment-2

NOX Emissions (Metric tons)
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Figure 88: NOX results of the second group, (N-S form axis direction and 0 WWR),
Experiment-2
Table 63: Values of CO2, SO2, and NOX of group two expressed in Metric tons,
Experiment-2
1-Floor

2-Floors

Average

Average

LC-1

(LC-2,

Difference

(Metric

LC-

(Metric

tons)

3)(Metric

tons)

% of
Difference

LC-2

(LC-1,

Difference

(Metric

LC-3)

(Metric

tons)

(Metric

tons)

% of
Difference

tons)

tons)

CO2

4596

5035

438

9%

2922

2698

226

8%

SO2

24.2

26.5

2.3

9%

15.4

14.2

1.2

8%

NOX

5.1

5.6

0.5

9%

3.2

3

0.2

8%

Annual energy breakdown results
The results revealed that cooling consumes the largest part of energy
compared to other systems. On average 37% of the total energy is consumed by
cooling system, followed by lighting, equipment, and water heating equally (16%
of the total energy consumption for each), then fan motors (13%) and finally, space
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heating (2%) (See Figure. 89). The cooling load increases slightly with the increase
of the courtyard space width. The energy requirements by the other systems remain
almost constant in all cases. (See Figure. 90). Moreover the highest levels of the
energy consumption were recorded during July and August for all cases, when
cooling loads are the highest.

Energy
consumption
(MJ/m2)
Energy
consumption (GJ)

Figure 89: The average of the annual energy breakdown percentage of the second
group, (N-S form axis direction and 0 WWR), Experiment-2

Figure 90: annual energy breakdown of the second group, (N-S form axis direction
and 0 WWR), Experiment-2
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5.4  Third Group (cases sharing E-W form axis direction and 20 WWR)
This group includes 21 cases that can be visualized logically in the tree-like
structure shown in Figure. 91. The cases share the following common
characteristics: the axis of building form taking E-W direction and the WWR equal
to 20%.

Figure 91: Tree-like structure of the Third group, (E-W form axis direction and 20
WWR), Experiment-2
5.4.1  Cases’ arrangement (Group 3)
The third group comprises four subgroups; each one is characterized by a
different number of floors. These are as follows:
A subgroup of six cases with one floor: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to one; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 64.
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Table 64: Description of the six cases (WWR20, E-W form axis direction, 1 Floor)
Case Name

Description

WWR20/E-W form axis

1-floor finger-plan building

direction/LC1-C10-

form with 12 learning

FLR1

communities each has the size
of 10 m by 75 m, and 10 m
width courtyards in between.

WWR20/E-W form axis

1-floor finger-plan building

direction/LC1-C30-

form with 12 learning

FLR1

communities each has the size
of 10 m by 75 m, and 30 m
width courtyards in between.

WWR20/E-W form axis

1-floor finger-plan building

direction/LC2-C10-

form with 12 learning

FLR1

communities each has the size
of 20 m by 37.5 m, and 10 m
width courtyards in between.

WWR20/E-W form axis

1-floor finger-plan building

direction/LC2-C30-

form with 12 learning

FLR1

communities each has the size
of 20 m by 37.5 m, and 30 m
width courtyards in between.

WWR20/E-W form axis

1-floor finger-plan building

direction/LC3-C10-

form with 12 learning

FLR1

communities each has the size
of 27.38 m by 27.38 m, and 10 m
width courtyards in between.

WWR20/E-W form axis

1-floor finger-plan building

direction/LC3-C30-

form with 12 learning

FLR1

communities each has the size
of 27.38 m by 27.38 m, and
30 m width courtyards in
between.

Perspective
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A subgroup of six cases with two floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to two; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 65.

Table 65: Description of the six cases (WWR20, E-W form axis direction, 2 Floors)
Case Name

Description

WWR20/E-W form

2-floor finger-plan building form with six

axis direction/LC1-

learning communities each has the size of

C10-FLR2

10 m by 75 m, and 10 m width courtyards
in between.

WWR20/E-W form

2-floor finger-plan building form with six

axis direction/LC1-

learning communities each has the size of

C30-FLR2

10 m by 75 m, and 30 m width courtyards
in between.

WWR20/E-W form

2-floor finger-plan building form with six

axis direction/LC2-

learning communities each has the size of

C10-FLR2

20 m by 37.5 m, and 10 m width
courtyards in between.

WWR20/E-W form

2-floor finger-plan building form with six

axis direction/LC2-

learning communities each has the size of

C30-FLR2

20 m by 37.5 m, and 30 m width
courtyards in between.

WWR20/E-W form

2-floor finger-plan building form with six

axis direction/LC3-

learning communities each has the size of

C10-FLR2

27.38 m by 27.38 m, and 10 m width
courtyards in between.

WWR20/E-W form

2-floor finger-plan building form with six

axis direction/LC3-

learning communities each has the size of

C30-FLR2

27.38 m by 27.38 m, and 30 m width
courtyards in between.

Perspective
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A subgroup of six cases with three floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to three; in addition to
the other common characteristics set for all the 21 cases of the same general group.
The cases of this subgroup are shown in Table 66.

Table 66: Description of the six cases (WWR20, E-W form axis direction, 3 Floors)
Case Name

Description

WWR20/E-W form

3-floor finger-plan building form with

axis direction/LC1-

four learning communities each has the

C10-FLR3

size of 10 m by 75 m, and 10 m width
courtyards in between.

WWR20/E-W form

3-floor finger-plan building form with

axis direction/LC1-

four learning communities each has the

C30-FLR3

size of 10 m by 75 m, and 30 m width
courtyards in between.

WWR20/E-W form

3-floor finger-plan building form with

axis direction/LC2-

four learning communities each has the

C10-FLR3

size of 20 m by 37.5 m, and 10 m width
courtyards in between.

WWR20/E-W form

3-floor finger-plan building form with

axis direction/LC2-

four learning communities each has the

C30-FLR3

size of 20 m by 37.5 m, and 30 m width
courtyards in between.

WWR20/E-W form

3-floor finger-plan building form with

axis direction/LC3-

four learning communities each has the

C10-FLR3

size of 27.38 m by 27.38 m, and 10 m
width courtyards in between.

WWR20/E-W form

3-floor finger-plan building form with

axis direction/LC3-

four learning communities each is having

C30-FLR3

the size of 27.38 m by 27.38 m, and 30
m width courtyards in between.

Perspective
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A subgroup of three cases with six floors: This subgroup of cases (3 cases) has one
common characteristic; which is the number of floors equal to six; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 67.

Table 67: Description of the three cases (WWR20, E-W form axis direction, 6
Floors)
Case Name

Description

WWR20/E-W form

6-floor finger-plan* building form with

axis direction/LC1-

two learning communities each has the

FLR6

size of 10 m by 75 m.

WWR20/E-W form

6-floor finger-plan* building form with

axis direction /LC2-

two learning communities each has the

FLR6

size of 20 m by 37.5 m.

WWR20/E-W form

6-floor finger-plan* building form with

axis direction/LC3-

two learning communities each having

FLR6

the size of 27.38 m by 27.38 m.

Perspective

* Conceptually this form can also be considered as a finger-plan form; yet because it
has only 1 finger on each side of the core and they are both alligned on the same axis
it appears as a simple linear form to viewers from outside.

5.4.2 Cases’ results (Group 3)
Energy consumption results
The energy consumption results for all the 21 cases in this group are shown
in Figure. 92. The columns in this chart represent the energy consumption (in
MJ/m2.y) of these cases categorized into the subgroups as explained above, and
shown here on the X-Axis. From these simulation results, one can observe the
following:
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•   The performance becomes better (i.e., less energy consumption) when the
form height (or the number of floors) increases. The difference between
the 1-Floor cases and the 2-Floor cases in energy consumption is large
(890.2 MJ/m2.y (247.2 KWh) on average); that is a 43% savings of
energy consumption. The difference between the 1-Floor cases and the 6Floor cases in energy consumption is huge (1454.3 MJ/m2.y (404 KWh)
on average); that is about 70% savings of energy consumption. Hence,
one can deduce from here that the verticality of the form is a design
parameter that has a considerable effect in reducing energy consumption.
The improvement in performance continues as the building height
increases; yet with slightly diminishing returns as more height is added
(e.g. the benefit when increasing from 3 floors to 6 floors is not as
effective as when increasing from 1 floor to 2 floors).
•   In all the cases of this group, the change of the courtyard (space) width
from 10 m to 30 m (or vice versa) does not produce significant
improvement in energy consumption.
•   The change of the horizontal form proportion (of the LC) can make a
significant improvement in energy consumption. One can observe how
LC-1 case performs better than LC-2 and LC-3 (a difference of 177.42
MJ/m2.y (49.3 KWh), calculated on average) when the building height is
1-Floor (the first subgroup); and how LC-1 and LC-3 cases perform better
than LC-2 (a difference of 72.27 MJ/m2.y (20.1 KWh), calculated on
average) when the building height is 2-Floors (the second subgroup). The
cases in the third and the fourth subgroups (i.e., 3 floors and 6 floors
cases) did not reflect this behavior.
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Figure 92: Energy consumption results of the third group, (E-W form axis direction
and 20 WWR), Experiment-2
Energy cost results
Energy savings in the third group are found to be significant. The difference
between the 1-Floor cases and the 2-Floor cases in energy cost is large (i.e., an
average of US$ 19.24 /m2 per year, which is equivalent to AED 70.62/m2 per year);
that is a saving of US$ 242,465.08 (AED 889,846.83) per year in energy
consumption in a typical school of 12,600 m2. The difference between the 1-Floor
cases and the 6-Floor cases in energy consumption is huge (an average of US$
31.23

(AED 114.63)/m2 per year); that is a saving of US$ 393,538 (AED

1,444,287.42) per year in a typical school of 12,600 m2.
Environmental impact results
The executed simulation runs of Experiment-2 have also computed the
Greenhouse Gas (GHG) emissions, namely; CO2, SO2, and NOX. The results of
these in any particular case have a direct dependence on the energy consumption of
that case. In other words, the less consumed energy leads to fewer GHG emissions.
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Therefore, the energy savings capacity by one of these cases over another one
results in an equivalent capacity for improving the environmental impact. Figures.
93, 94 and 95 show the result of CO2, SO2, and NOX respectively.
The difference between the 1-Floor cases and the 2-Floor cases in GHG
emissions is large (43%). The difference between the 1-Floor cases and the 6-Floor
cases in energy consumption is huge (between 70 and 71%). Table 68 presents the
average of the difference between the cases with 1-Floor and the cases with 2Floors, In addition to the average of the difference between the best cases (6Floors) and worst cases (1-Floor). One can deduce from here that the verticality of
the form is a design parameter that has a significant effect in reducing GHG
emissions.

Table 68: Average values of CO2, SO2, and NOX of group three expressed in Metric
tons, Experiment-2

CO2
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of 1-

of 2-

Floor

Floor

cases

cases
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(Metric

tons)

tons)

4913.8 2783.5

Difference
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% Of

Floor

Floor

Difference

cases

cases

(Metric

(Metric

tons)

tons)

2130.3

43%

4913.8 1456.2

Difference
(Metric
tons)

% Of
Difference

3457.6

70%

SO2

25.9

14.7

11.2

43%

25.9

7.7

18.2

70%

NOX

5.4

3

2.4

43%

5.4

1.6

3.8

71%

In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in GHG
emissions.
The change of the horizontal form proportion (of the LC) can make a
remarkable improvement in GHG emissions. Table 69 demonstrates the impact of
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horizontality on GHG emissions. One can observe how LC-1 case performs better
than LC-2 and LC-3 when the building height is 1-Floor; and how LC-1 and LC-3
cases perform better than LC-2 when the building height is 2-Floors. The cases in
the third and the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect
this behavior.

Table 69: Values of CO2, SO2, and NOX of group three expressed in Metric tons,
Experiment-2
1-Floor

2-Floors

Average

Average

LC-1

(LC-2,
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(Metric

LC-3)
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tons)
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(LC-1,
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LC-3)
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tons)

tons)
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Difference

tons)

4631

5055

424

8%

2934

2709

225

8%

SO2

24.4

26.6

2.2

8%

15.4

14.2

1.2

8%

NOX

5.1

5.6

0.5

9%

3.1

3

0.1

4%

CO2 Emissions (Metric tons)

CO2

Figure 93: CO2 results of the third group, (E-W form axis direction and 20 WWR),
Experiment-2

SO2 Emissions (Metric tons)
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NOX Emissions (Metric tons)

Figure 94: SO2 results of the third group, (E-W form axis direction and 20 WWR),
Experiment-2

Figure 95: NOX results of the third group, (E-W form axis direction and 20 WWR),
Experiment-2
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Annual energy breakdown results
The results revealed that cooling consumes the largest part of energy
compared to other systems. On average 40% of the total energy is consumed by
cooling system, followed by equipment (16%), then lighting water heating equally
(15% of the total energy consumption for each), followed by fan motors (12% of
the total energy consumption), and finally, space heating (2% of the total energy
consumption) (See Figure. 96). The cooling load increases slightly with the
increase of the courtyard space width. The energy requirements by the other
systems remain almost constant in all cases. (See Figure. 97). Moreover the highest
levels of the energy consumption were recorded during July and August for all
cases, when cooling loads are the highest.

Figure 96: The average of the annual energy breakdown percentage of the third
group, (E-W form axis direction and 20 WWR), Experiment-2

Energy consumption (GJ)
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Figure 97: Annual energy breakdown of the third group, (E-W form axis direction
and 20 WWR), Experiment-2

5.5  Fourth group (cases sharing N-S form axis direction and 20 WWR)
This group includes 21 cases that can be visualized logically in the tree-like
structure shown in Figure. 98. The cases share the following common
characteristics: the axis of building form taking N-S direction and the WWR equal to 20

Figure 98: Tree-like structure of the fourth group, (N-S form axis direction
and 20 WWR), Experiment-2
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5.5.1  Cases’ arrangement (Group 4)
The fourth group comprises four subgroups; each one is characterized by a
different number of floors. These are as follows:
A subgroup of six cases with one floor: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to one; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 70.

Table 70: Description of the six cases (WWR20, N-S form axis direction, 1 Floor)
Case Name

Description

WWR20/N-S form axis

1-floor finger-plan building

direction/LC1-C10-FLR1

form with 12 learning
communities each has the size
of 10 m by 75 m, and 10 m
width courtyards in between.

WWR20/N-S form axis

1-floor finger-plan building

direction/LC1-C30-FLR1

form with 12 learning
communities each has the size
of 10 m by 75 m, and 30 m
width courtyards in between.

WWR20/N-S form axis

1-floor finger-plan building

direction/LC2-C10-FLR1

form with 12 learning
communities each has the size
of 20 m by 37.5 m, and 10 m
width courtyards in between.

WWR20/N-S form axis

1-floor finger-plan building

direction/LC2-C30-FLR1

form with 12 learning
communities each has the size
of 20 m by 37.5 m, and 30 m
width courtyards in between.

Perspective
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Table 70: Description of the six cases (WWR20, N-S form axis direction, 1 Floor),
Continued
Case Name

Description

WWR20/N-S form axis

1-floor finger-plan building

direction/LC3-C10-FLR1

form with 12 learning
communities each has the
size of 27.38 m by 27.38 m,
and 10 m width courtyards in
between.

WWR20/N-S form axis

1-floor finger-plan building

direction/LC3-C30-FLR1

form with 12 learning
communities each has the
size of 27.38 m by 27.38 m,
and 30 m width courtyards in
between.

Perspective
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A subgroup of six cases with two floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to two; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 71.

Table 71: Description of the six cases (WWR20, N-S form axis direction, 2 Floors)
Case Name

Description

WWR20/N-S form

2-floor finger-plan building form with

axis direction/LC1-

six learning communities each has the

C10-FLR2

size of 10 m by 75 m, and 10 m width
courtyards in between.

WWR20/N-S form

2-floor finger-plan building form with

axis direction/LC1-

six learning communities each has the

C30-FLR2

size of 10 m by 75 m, and 30 m width
courtyards in between.

WWR20/N-S form

2-floor finger-plan building form with

axis direction/LC2-

six learning communities each has the

C10-FLR2

size of 20 m by 37.5 m, and 10 m
width courtyards in between.

WWR20/N-S form

2-floor finger-plan building form with

axis direction/LC2-

six learning communities each has the

C30-FLR2

size of 20 m by 37.5 m, and 30 m
width courtyards in between.

WWR20/N-S form

2-floor finger-plan building form with

axis direction/LC3-

six learning communities each has the

C10-FLR2

size of 27.38 m by 27.38 m, and 10 m
width courtyards in between.

WWR20/N-S form

2-floor finger-plan building form with

axis direction/LC3-

six learning communities each has the

C30-FLR2

size of 27.38 m by 27.38 m, and 30 m
width courtyards in between.

Perspective
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A subgroup of six cases with three floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to three; in addition to
the other common characteristics set for all the 21 cases of the same general group.
The cases of this subgroup are shown in Table 72.

Table 72: Description of the six cases (WWR20, N-S form axis direction, 3 Floors)
Case Name

Description

WWR20/N-S form

3-floor finger-plan building form with

axis direction/LC1-

four learning communities each has

C10-FLR3

the size of 10 m by 75 m, and 10 m
width courtyards in between.

WWR20/N-S form

3-floor finger-plan building form with

axis direction/LC1-

four learning communities each has

C30-FLR3

the size of 10 m by 75 m, and 30 m
width courtyards in between.

WWR20/N-S form

3-floor finger-plan building form with

axis direction/LC2-

four learning communities each has

C10-FLR3

the size of 20 m by 37.5 m, and 10 m
width courtyards in between.

WWR20/N-S form

3-floor finger-plan building form with

axis direction/LC2-

four learning communities each has

C30-FLR3

the size of 20 m by 37.5 m, and 30 m
width courtyards in between.

WWR20/N-S form

3-floor finger-plan building form with

axis direction/LC3-

four learning communities each has

C10-FLR3

the size of 27.38 m by 27.38 m, and
10 m width courtyards in between.

WWR20/N-S form

3-floor finger-plan building form with

axis direction/LC3-

four learning communities each has

C30-FLR3

the size of 27.38 m by 27.38 m, and
30 m width courtyards in between.

Perspective
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A subgroup of three cases with six floors: This subgroup of cases (3 cases) has one
common characteristic; which is the number of floors equal to six; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 73.

Table 73: Description of the three cases (WWR20, N-S form axis direction, 6 Floors)
Case Name

Description

WWR20/N-S form

6-floor finger-plan* building form with

axis direction /LC1-

two learning communities each has the

FLR6

size of 10 m by 75 m.

WWR20/N-S form

6-floor finger-plan* building form with

axis direction /LC2-

two learning communities each has the

FLR6

size of 20 m by 37.5 m.

WWR20/N-S form

6-floor finger-plan* building form with

axis direction /LC3-

two learning communities each having

FLR6

the size of 27.38 m by 27.38 m.

Perspective

* Conceptually this form can also be considered as a finger-plan form; yet because it
has only 1 finger on each side of the core and they are both alligned on the same axis
it appears as a simple linear form to viewers from outside.

5.5.2 Cases’ results (Group 4)
Energy consumption results
The energy consumption results for all the 21 cases in this group are shown
in Figure. 99. The columns in this chart represent the energy consumption (in
MJ/m2.y) of these cases categorized into the subgroups as explained above, and
shown here on the X-Axis. From these simulation results, one can observe the
following:
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•   The performance becomes better (i.e., less energy consumption) when the
form height (or the number of floors) increases. The difference between the
1-Floor cases and the 2-Floor cases in energy consumption is large (887.6
MJ/m2.y (246.6 KWh) on average); that is a 43% savings of energy
consumption. The difference between the 1-Floor cases and the 6-Floor cases
in energy consumption is huge (1456.4 MJ/m2.y (404.6 KWh) on average);
that is a about 71% savings of energy consumption. Hence, one can deduce
from here that the verticality of the form is a design parameter that has a
considerable effect in reducing energy consumption. The improvement in
performance continues as the building height increases; yet with slightly
diminishing returns as more height is added (e.g. the benefit when increasing
from 3 floors to 6 floors is not as effective as when increasing from 1 floor to
2 floors).
•   In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in
energy consumption.
•   The change of the horizontal form proportion (of the LC) can make a
significant improvement in energy consumption. One can observe how LC-1
case performs better than LC-2 and LC-3 (a difference of 174.4 MJ/m2.y
(48.4 KWh), calculated on average) when the building height is 1-Floor (the
first subgroup); and how LC-1 and LC-3 cases perform better than LC-2 (a
difference of 68.5 MJ/m2.y (19 KWh), calculated on average) when the
building height is 2-Floors (the second subgroup). The cases in the third and
the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect this
behavior.
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Figure 99: Energy consumption results of the fourth group, (N-S form axis direction
and 20 WWR), Experiment-2
Energy cost results
Energy savings in the fourth group are found to be significant. The
difference between the 1-Floor cases and the 2-Floor cases in energy cost is large
(i.e., an average of US$19.19 /m2 per year, which is equivalent to AED 70.41/ m2
per year); that is a saving of US$241,734.78 (AED 887,166.64) per year in energy
consumption in a typical school of 12,600 m2. The difference between the 1-Floor
cases and the 6-Floor cases in energy consumption is huge (an average of
US$31.29 (AED 114.82)/m2 per year); that is a saving of US$394,213.18 (AED
1,446,762.36) per year in a typical school of 12,600 m2.
Environmental impact results
The executed simulation runs of Experiment-2 have also computed the
Greenhouse Gas (GHG) emissions, namely; CO2, SO2, and NOX. The results of
these in any particular case have a direct dependence on the energy consumption of
that case. In other words, the less consumed energy leads to fewer greenhouse
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emissions. Therefore, the energy savings capacity by one of these cases over
another one results in an equivalent capacity for improving the environmental
impact. Figure 100, 101 and 102 show the result of CO2, SO2, and NOX
respectively.
The difference between the 1-Floor cases and the 2-Floor cases in GHG
emissions is large (43%). The difference between the 1-Floor cases and the 6-Floor
cases in energy consumption is huge (71%). Table 74 presents the average of the
difference between the cases with 1-Floor and the cases with 2-Floors, In addition
to the average of the difference between the best cases (6-Floors) and worst cases
(1-Floor). One can deduce from here that the verticality of the form is a design
parameter that has a significant effect in reducing GHG emissions.

Table 74: Average values of CO2, SO2, and NOX of group four expressed in Metric
tons, Experiment-2
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4904.5
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SO2
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2.3

43%

5.4

1.6
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In all the cases of this group, the change of the courtyard (space) width from 10 m
to 30 m (or vice versa) does not produce significant improvement in GHG
emissions.
The change of the horizontal form proportion (of the LC) can make a
remarkable improvement in GHG emissions. Table 75 demonstrates the impact of
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horizontality on GHG emissions. One can observe how LC-1 case performs better
than LC-2 and LC-3 when the building height is 1-Floor; and how LC-1 and LC-3
cases perform better than LC-2 when the building height is 2-Floors. The cases in
the third and the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect
this behavior
Table 75: Values of CO2, SO2, and NOX of group four expressed in Metric tons,
Experiment-2
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2-Floors

Average

Average

LC-1

(LC-2,

Difference

(Metric

LC-3)

(Metric

tons)

(Metric

tons)

% Of
Difference

LC-2

(LC-1,

Difference

(Metric

LC-3)

(Metric

tons)

(Metric

tons)

tons)

% Of
Difference

tons)

4627

5044

417

8%
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7%

SO2

24.4
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8%
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Figure 100: CO2 results of the fourth group, (N-S form axis direction and 20 WWR),
Experiment-2
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NOX Emissions (Metric tons)

Figure 101: SO2 results of the fourth group, (N-S form axis direction and 20 WWR),
Experiment-2

Figure 102: NOX results of the fourth group, (N-S form axis direction and 20 WWR),
Experiment-2
Annual energy breakdown results
The results revealed that cooling consumes the largest part of energy
compared to other systems. On average 40% of the total energy is consumed by
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cooling system, followed by equipment, and water heating equally (16% of the
total energy consumption for each), then followed by fan motors (14% of the total
energy consumption), then lighting (12% of the total energy consumption) and
finally, space heating (2% of the total energy consumption) (See Figure. 103). The
cooling load increases slightly with the increase of the courtyard space width. The
energy requirements by the other systems remain almost constant in all cases. (See
Figure. 104). Moreover the highest levels of the energy consumption were recorded
during July and August for all cases, when cooling loads are the highest.

Energy consumption (GJ)

Figure 103: The average of the annual energy breakdown percentage of the fourth
group, (N-S form axis direction and 20 WWR), Experiment-2

Figure 104: Annual energy breakdown of the fourth group, (N-S form axis direction
and 20 WWR), Experiment-2
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5.6  Fifth group (cases sharing E-W form axis direction and 40 WWR)
This group includes 21 cases that can be visualized logically in the tree-like
structure shown in Figure. 105. The cases share the following common
characteristics: the axis of building form taking E-W direction and the WWR equal to 40.

Figure 105: Tree-like structure of the fifth group, (E-W form axis and 40 WWR),
Experiment-2
5.6.1  Cases’ arrangement (Group 5)
The fifth group comprises four subgroups; each one is characterized by a
different number of floors. These are as follows:
A subgroup of six cases with one floor: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to one; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 76.
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Table 76: Description of the six cases (WWR40, E-W form axis direction, 1 Floor)
Case Name

Description

WWR40/E-W form

1-floor finger-plan building

axis direction/LC1-

form with 12 learning

C10-FLR1

communities each has the size of
10 m by 75 m, and 10 m width
courtyards in between.

WWR40/E-W form

1-floor finger-plan building

axis direction/LC1-

form with 12 learning

C30-FLR1

communities each has the size of
10 m by 75 m, and 30 m width
courtyards in between.

WWR40/E-W form

1-floor finger-plan building

axis direction/LC2-

form with 12 learning

C10-FLR1

communities each has the size of
20 m by 37.5 m, and 10 m
width courtyards in between.

WWR40/E-W form

1-floor finger-plan building

axis direction/LC2-

form with 12 learning

C30-FLR1

communities each has the size of
20 m by 37.5 m, and 30 m
width courtyards in between.

WWR40/E-W form

1-floor finger-plan building

axis direction/LC3-

form with 12 learning

C10-FLR1

communities each has the size of
27.38 m by 27.38 m, and 10 m
width courtyards in between.

WWR40/E-W form

1-floor finger-plan building

axis direction/LC3-

form with 12 learning

C30-FLR1

communities each has the size of
27.38 m by 27.38 m, and 30 m
width courtyards in between.

Perspective
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A subgroup of six cases with two floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to two; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 77.

Table 77: Description of the six cases (WWR40, E-W form axis direction, 2 Floors)
Case Name

Description

WWR40/E-W form

2-floor finger-plan building form

axis direction/LC1-

with six learning communities each

C10-FLR2

has the size of 10 m by 75 m, and 10
m width courtyards in between.

WWR40/E-W form

2-floor finger-plan building form

axis direction/LC1-

with six learning communities each

C30-FLR2

has the size of 10 m by 75 m, and 30
m width courtyards in between.

WWR40/E-W form

2-floor finger-plan building form

axis direction/LC2-

with six learning communities each

C10-FLR2

has the size of 20 m by 37.5 m, and
10 m width courtyards in between.

WWR40/E-W form

2-floor finger-plan building form

axis direction/LC2-

with six learning communities each

C30-FLR2

has the size of 20 m by 37.5 m, and
30 m width courtyards in between.

WWR40/E-W form

2-floor finger-plan building form

axis direction/LC3-

with six learning communities each

C10-FLR2

has the size of 27.38 m by 27.38 m, and
10 m width courtyards in between.

WWR40/E-W form

2-floor finger-plan building form

axis direction/LC3-

with six learning communities each

C30-FLR2

has the size of 27.38 m by 27.38 m, and
30 m width courtyards in between.

Perspective
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A subgroup of six cases with three floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to three; in addition to
the other common characteristics set for all the 21 cases of the same general group.
The cases of this subgroup are shown in Table 78.

Table 78: Description of the six cases (WWR40, E-W form axis direction, 3 Floors)
Case Name

Description

WWR40/E-W form

3-floor finger-plan building form

axis direction/LC1-

with four learning communities each

C10-FLR3

has the size of 10 m by 75 m, and 10
m width courtyards in between.

WWR40/E-W form

3-floor finger-plan building form

axis direction/LC1-

with four learning communities each

C30-FLR3

has the size of 10 m by 75 m, and 30
m width courtyards in between.

WWR40/E-W form

3-floor finger-plan building form

axis direction/LC2-

with four learning communities each

C10-FLR3

has the size of 20 m by 37.5 m, and
10 m width courtyards in between.

WWR40/E-W form

3-floor finger-plan building form

axis direction/LC2-

with four learning communities each

C30-FLR3

has the size of 20 m by 37.5 m, and
30 m width courtyards in between.

WWR40/E-W form

3-floor finger-plan building form

axis direction/LC3-

with four learning communities each

C10-FLR3

has the size of 27.38 m by 27.38 m,
and 10 m width courtyards in between.

WWR40/E-W form

3-floor finger-plan building form

axis direction/LC3-

with four learning communities each

C30-FLR3

has the size of 27.38 m by 27.38 m,
and 30 m width courtyards in between.

Perspective
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A subgroup of three cases with six floors: This subgroup of cases (3 cases) has one
common characteristic; which is the number of floors equal to six; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 79.

Table 79: Description of the three cases (WWR40, E-W form axis direction, 6
Floors)
Case Name

Description

WWR40/E-W form

6-floor finger-plan* building form with

axis direction /LC1-

two learning communities each has the

FLR6

size of 10 m by 75 m.

WWR40/E-W form

6-floor finger-plan* building form with

axis direction /LC2-

two learning communities each has the

FLR6

size of 20 m by 37.5 m.

WWR40/E-W form

6-floor finger-plan* building form with

axis direction /LC3-

two learning communities each having

FLR6

the size of 27.38 m by 27.38 m.

Perspective

* Conceptually this form can also be considered as a finger-plan form; yet because it
has only 1 finger on each side of the core and they are both alligned on the same axis
it appears as a simple linear form to viewers from outside.

5.6.2 Cases’ results (Group 5)
Energy consumption results
The energy consumption results for all the 21 cases in this group are shown
in Figure. 106. The columns in this chart represent the energy consumption (in
MJ/m2.y) of these cases categorized into the subgroups as explained above, and
shown here on the X-Axis. From these simulation results, one can observe the
following:
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•   The performance becomes better (i.e., less energy consumption) when the
form height (or the number of floors) increases. The difference between the
1-Floor cases and the 2-Floor cases in energy consumption is large (893.4
MJ/m2.y (248.1 KWh) on average); that is a 42% savings of energy
consumption. The difference between the 1-Floor cases and the 6-Floor cases
in energy consumption is huge (1449.9 MJ/m2.y (402.8 KWh) on average);
that is about 68% savings of energy consumption. Hence, one can deduce
from here that the verticality of the form is a design parameter that has a
considerable effect in reducing energy consumption. The improvement in
performance continues as the building height increases; yet with slightly
diminishing returns as more height is added (e.g. the benefit when increasing
from 3 floors to 6 floors is not as effective as when increasing from 1 floor to
2 floors).
•   In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in
energy consumption.
•   The change of the horizontal form proportion (of the LC) can make a
significant improvement in energy consumption. One can observe how LC-1
case performs better than LC-2 and LC-3 (a difference of 154.1 MJ/m2.y
(42.8 KWh), calculated on average) when the building height is 1-Floor (the
first subgroup); and how LC-1 and LC-3 cases perform better than LC-2 (a
difference of 76.5 MJ/m2.y (21.3 KWh), calculated on average) when the
building height is 2-Floors (the second subgroup). The cases in the third and
the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect this
behavior.

Energy consumption (MJ/m2 Y)
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Figure 106: Energy consumption results of the fifth group, (E-W form axis direction
and 40 WWR), Experiment-2
Energy cost results
Energy savings in the fifth group are found to be significant. The difference
between the 1-Floor cases and the 2-Floor cases in energy cost is large (i.e., an
average of US$ 19.32 /m2 per year, which is equivalent to AED 70.91/m2 per year);
that is a saving of US$ 243,453.92 (AED 893,475.90) per year in energy
consumption in a typical school of 12,600 m2. The difference between the 1-Floor
cases and the 6-Floor cases in energy consumption is huge (an average of US$
31.15 (AED 114.33)/m2 per year); that is a saving of US$ 392,512.18 (AED
1,440,519.69) per year in a typical school of 12,600 m2.
Environmental impact results
The executed simulation runs of Experiment-2 have also computed the
Greenhouse Gas (GHG) emissions, namely; CO2, SO2, and NOX. The results of
these in any particular case have a direct dependence on the energy consumption of
that case. In other words, the less consumed energy leads to fewer greenhouse
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emissions. Therefore, the energy savings capacity by one of these cases over
another one results in an equivalent capacity for improving the environmental
impact. Figure 107, 108, and 109 show the result of CO2, SO2, and NOX
respectively.
The difference between the 1-Floor cases and the 2-Floor cases in GHG
emissions is large (42%). The difference between the 1-Floor cases and the 6-Floor
cases in energy consumption is huge (68%). Table 80 presents the average of the
difference between the cases with 1-Floor and the cases with 2-Floors, In addition
to the average of the difference between the best cases (6-Floors) and worst cases
(1-Floor). One can deduce from here that the verticality of the form is a design
parameter that has a significant effect in reducing GHG emissions.

Table 80: Average values of CO2, SO2, and NOX of the cases of group five expressed
in Metric tons, Experiment-2
Average

Average

Average of

Average

of 1-Floor

of 2-Floor

% Of

1-Floor

of 6-Floor

cases

cases

Differenc

cases

cases

(Metric

(Metric

e

(Metric

(Metric

tons)

tons)

tons)

tons)

CO2

5082

2943

2139

42%

5082

1633

3449

68%

SO2

26.8

15.5

11.2

42%

26.8

8.6

18.2

68%

NOX

5.6

3.3

2.3

42%

5.6

1.8

3.8

68%

Differenc
e
(Metric
tons)

Differenc
e
(Metric
tons)

% Of
Differenc
e

In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in GHG
emissions.
The change of the horizontal form proportion (of the LC) can make a
remarkable improvement in GHG emissions. Table 81 demonstrates the impact of
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horizontality on GHG emissions. One can observe how LC-1 case performs better
than LC-2 and LC-3 when the building height is 1-Floor; and how LC-1 and LC-3
cases perform better than LC-2 when the building height is 2-Floors. The cases in
the third and the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect
this behavior.

Table 81: Values of CO2, SO2, and NOX of group five expressed in Metric tons,
Experiment-2
1-Floor

2-Floors

Average

Average

LC-1

(LC-2,

Difference

(Metric

LC-3)

(Metric

tons)

(Metric

tons)

% Of
Difference

LC-2

(LC-1,

Difference

(Metric

LC-3)

(Metric

tons)

(Metric

tons)

tons)

% Of
Difference

tons)

4836

5204

368

7%

3091

2869

222

7%

SO2

25.5

27.5

2

7%

16.3

15.1

1.2

7%

NOX

5.3

5.7

0.4

7%

3.3

3

0.3

7%

CO2 Emissions (Metric tons)

CO2

Figure 107: CO2 results of the fifth group, (E-W form axis direction and 40 WWR),
Experiment-2

SO2 Emissions (Metric tons)

175

NOX Emissions (Metric tons)

Figure 108: SO2 results of the fifth group, (E-W form axis direction and 40 WWR),
Experiment-2

Figure 109: NOX results of the fifth group, (E-W form axis direction and 40 WWR),
Experiment-2
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The Annual Energy Breakdown Results.
The results revealed that cooling consumes the largest part of energy
compared to other systems. On average 41% of the total energy is consumed by
cooling system, followed by fan motors (16% of the total energy consumption)
followed by equipment, and water heating equally (15% of the total energy
consumption for each), then lighting (11%), and finally, space heating (2% of the
total energy consumption) (See Figure.110). The cooling load increases slightly
with the increase of the courtyard space width. The energy requirements by the
other systems remain almost constant in all cases. (See Figure.111). Moreover the
highest levels of the energy consumption were recorded during July and August for
all cases, when cooling loads are the highest.

Figure 110: The average of the annual energy breakdown percentage of the fifth
group, (E-W form axis direction and 40 WWR), Experiment-2

Energy consumption (GJ)
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Figure 111: annual energy breakdown of the fifth group, (E-W form axis direction
and 40 WWR), Experiment-2
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5.7  Sixth group (cases sharing N-S form axis direction and 40 WWR)
This group includes 21 cases that can be visualized logically in the tree-like
structure shown in Figure. 112. The cases share the following common
characteristics: the axis of building form taking N-S direction and the WWR equal to 40%.

Figure 112: Tree-like structure of the sixth group, (N-S form axis direction and 40
WWR), Experiment-2

5.7.1  Cases’ arrangement (Group 6)
The sixth group comprises four subgroups; each one is characterized by a
different number of floors. These are as follows:
A subgroup of six cases with one floor: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to one; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 82.
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Table 82: Description of the six cases (WWR40, N-S form axis direction, 1 Floor)
Case Name

Description

WWR40/N-S form

1-floor finger-plan building

axis direction/LC1-

form with 12 learning

C10-FLR1

communities each has the size
of 10 m by 75 m, and 10 m
width courtyards in between.

WWR40/N-S form

1-floor finger-plan building

axis direction/LC1-

form with 12 learning

C30-FLR1

communities each has the size
of 10 m by 75 m, and 30 m
width courtyards in between.

WWR40/N-S form

1-floor finger-plan building

axis direction/LC2-

form with 12 learning

C10-FLR1

communities each has the size
of 20 m by 37.5 m, and 10 m
width courtyards in between.

WWR40/N-S form

1-floor finger-plan building

axis direction/LC2-

form with 12 learning

C30-FLR1

communities each has the size
of 20 m by 37.5 m, and 30 m
width courtyards in between.

WWR40/N-S form

1-floor finger-plan building

axis direction/LC3-

form with 12 learning

C10-FLR1

communities each has the size
of 27.38 m by 27.38 m, and 10
m width courtyards in between.

WWR40/N-S form

1-floor finger-plan building

axis direction/LC3-

form with 12 learning

C30-FLR1

communities each has the size
of 27.38 m by 27.38 m, and
30 m width courtyards in
between.

Perspective
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A subgroup of six cases with two floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to two; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 83.

Table 83: Description of the six cases (WWR40, N-S form axis direction, 2 Floors)
Case Name

Description

WWR40/N-S form

2-floor finger-plan building form with

axis direction/LC1-

six learning communities each has the

C10-FLR2

size of 10 m by 75 m, and 10 m
width courtyards in between.

WWR40/N-S form

2-floor finger-plan building form with

axis direction/LC1-

six learning communities each has the

C30-FLR2

size of 10 m by 75 m, and 30 m
width courtyards in between.

WWR40/N-S form

2-floor finger-plan building form with

axis direction/LC2-

six learning communities each has the

C10-FLR2

size of 20 m by 37.5 m, and 10 m
width courtyards in between.

WWR40/N-S form

2-floor finger-plan building form with

axis direction/LC2-

six learning communities each has the

C30-FLR2

size of 20 m by 37.5 m, and 30 m
width courtyards in between.

WWR40/N-S form

2-floor finger-plan building form with

axis direction/LC3-

six learning communities each has the

C10-FLR2

size of 27.38 m by 27.38 m, and 10 m
width courtyards in between.

WWR40/N-S form

2-floor finger-plan building form with

axis direction/LC3-

six learning communities each has the

C30-FLR2

size of 27.38 m by 27.38 m, and 30 m
width courtyards in between.

Perspective
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A subgroup of six cases with three floors: This subgroup of cases (6 cases) has one
common characteristic; which is the number of floors equal to three; in addition to
the other common characteristics set for all the 21 cases of the same general group.
The cases of this subgroup are shown in Table 84.

Table 84: Description of the six cases (WWR40, N-S form axis direction, 3 Floors)
Case Name

Description

WWR40/N-S form

3-floor finger-plan building form with

axis direction/LC1-

four learning communities each has

C10-FLR3

the size of 10 m by 75 m, and 10 m
width courtyards in between.

WWR40/N-S form

3-floor finger-plan building form with

axis direction/LC1-

four learning communities each has

C30-FLR3

the size of 10 m by 75 m, and 30 m
width courtyards in between.

WWR40/N-S form

3-floor finger-plan building form with

axis direction/LC2-

four learning communities each has

C10-FLR3

the size of 20 m by 37.5 m, and 10 m
width courtyards in between.

WWR40/N-S form

3-floor finger-plan building form with

axis direction/LC2-

four learning communities each has

C30-FLR3

the size of 20 m by 37.5 m, and 30 m
width courtyards in between.

WWR40/N-S form

3-floor finger-plan building form with

axis direction/LC3-

four learning communities each has

C10-FLR3

the size of 27.38 m by 27.38 m, and
10 m width courtyards in between.

WWR40/N-S form

3-floor finger-plan building form with

axis direction/LC3-

four learning communities each has

C30-FLR3

the size of 27.38 m by 27.38 m, and
30 m width courtyards in between.

Perspective
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A subgroup of three cases with six floors: This subgroup of cases (3 cases) has one
common characteristic; which is the number of floors equal to six; in addition to the
other common characteristics set for all the 21 cases of the same general group. The
cases of this subgroup are shown in Table 85.

Table 85: Description of the three cases (WWR40, N-S form axis direction, 6 Floors)
Case Name

Description

WWR40/N-S form

6-floor finger-plan* building form with

axis direction /LC1-

two learning communities each has the

FLR6

size of 10 m by 75 m.

WWR40/N-S form

6-floor finger-plan* building form with

axis direction /LC2-

two learning communities each has the

FLR6

size of 20 m by 37.5 m.

WWR40/N-S form

6-floor finger-plan* building form with

axis direction /LC3-

two learning communities each having

FLR6

the size of 27.38 m by 27.38 m.

Perspective

* Conceptually this form can also be considered as a finger-plan form; yet because it
has only 1 finger on each side of the core and they are both alligned on the same axis
it appears as a simple linear form to viewers from outside.

5.7.2 Cases’ results (Group 6)
Energy consumption results
The energy consumption results for all the 21 cases in this group are shown
in Figure. 113. The columns in this chart represent the energy consumption (in
MJ/m2.y) of these cases categorized into the subgroups as explained above, and
shown here on the X-Axis. From these simulation results, one can observe the
following:
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•   The performance becomes better (i.e., less energy consumption) when the
form height (or the number of floors) increases. The difference between the
1-Floor cases and the 2-Floor cases in energy consumption is large (890.4
MJ/m2.y (247.3 KWh) on average); that is a 42% savings of energy
consumption. The difference between the 1-Floor cases and the 6-Floor cases
in energy consumption is huge (1452.3 MJ/m2.y (403.4 KWh) on average);
that is a about 68% savings of energy consumption. Hence, one can deduce
from here that the verticality of the form is a design parameter that has a
considerable effect in reducing energy consumption. The improvement in
performance continues as the building height increases; yet with slightly
diminishing returns as more height is added (e.g. the benefit when increasing
from 3 floors to 6 floors is not as effective as when increasing from 1 floor to
2 floors).
•   In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in
energy consumption.
•   The change of the horizontal form proportion (of the LC) can make a
significant improvement in energy consumption. One can observe how LC-1
case performs better than LC-2 and LC-3 (a difference of 146.9 MJ/m2.y
(40.8 KWh), calculated on average) when the building height is 1-Floor (the
first subgroup); and how LC-1 and LC-3 cases perform better than LC-2 (a
difference of 70.4 MJ/m2.y (19.6 KWh), calculated on average) when the
building height is 2-Floors (the second subgroup). The cases in the third and
the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect this
behavior.
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Figure 113: Energy consumption results of the Sixth group, (N-S form axis direction and 40 WWR),
Experiment-2

Energy cost results
Energy savings in the sixth group are found to be significant. The difference
between the 1-Floor cases and the 2-Floor cases in energy cost is large (i.e., an
average of US$ 19.25 /m2 per year, which is equivalent to AED 70.66/m2 per year);
that is a saving of US$ 242,607.96 (AED 890,371.21) per year in energy
consumption in a typical school of 12,600 m2. The difference between the 1-Floor
cases and the 6-Floor cases in energy consumption is huge (an average of US$
31.22 (AED 114.58)/m2 per year); that is a saving of US$ 393,392.16 (AED
1,443,749.23) per year in a typical school of 12,600 m2.
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Environmental impact results
The executed simulation runs of Experiment-2 have also computed the
Greenhouse Gas (GHG) emissions, namely; CO2, SO2, and NOX. The results of
these in any particular case have a direct dependence on the energy consumption of
that case. In other words, the less consumed energy leads to fewer greenhouse
emissions. Therefore, the energy savings capacity by one of these cases over
another one results in an equivalent capacity for improving the environmental
impact. Figure 114, 115, and 116 show the result of CO2, SO2, and NOX
respectively.
The difference between the 1-Floor cases and the 2-Floor cases in GHG
emissions is large (43%). The difference between the 1-Floor cases and the 6-Floor
cases in energy consumption is huge (71%). Table 86 presents the average of the
difference between the cases with 1-Floor and the cases with 2-Floors, In addition
to the average of the difference between the best cases (6-Floors) and worst cases
(1-Floor). One can deduce from here that the verticality of the form is a design
parameter that has a significant effect in reducing GHG emissions.

Table 86: Average values of CO2, SO2, and NOX of group four expressed in Metric
tons, Experiment-2
Average

Average

of 1-

of 2-

Floor

Floor

Difference
(Metric

cases

cases

(Metric

(Metric

tons)

tons)

CO2

5069

2937

2132

SO2

26.7

15.5

NOX

5.6

3.2

% Of

Average

of 1-

of 6-

Floor

Floor

Difference
(Metric

% Of

cases

cases

(Metric

(Metric

tons)

tons)

42%

5069

1613

3456

68%

11.2

42%

26.7

8.5

18.2

68%

2.4

42%

5.4

1.6

3.8

68%
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Difference
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tons)

Difference
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In all the cases of this group, the change of the courtyard (space) width from
10 m to 30 m (or vice versa) does not produce significant improvement in GHG
emissions.
The change of the horizontal form proportion (of the LC) can make a
remarkable improvement in GHG emissions. Table 87 demonstrates the impact of
horizontality on GHG emissions. One can observe how LC-1 case performs better
than LC-2 and LC-3 when the building height is 1-Floor; and how LC-1 and LC-3
cases perform better than LC-2 when the building height is 2-Floors. The cases in
the third and the fourth subgroups (i.e., 3 floors and 6 floors cases) did not reflect
this behavior.

Table 87: Values of CO2, SO2, and NOX of group four expressed in Metric tons,
Experiment-2
1-Floor

2-Floors

Average

Average

LC-1

(LC-2,

Difference

(Metric

LC-3

(Metric

tons)

(Metric

tons)

% Of
Difference

LC-2

(LC-1,

Difference

(Metric

LC-3)

(Metric

tons)

(Metric

tons)

tons)

% Of
Difference

tons)

CO2

4835

5186

351

7%

3070

2870

200

7%

SO2

25.5

27.5

2

7%

15.4

14.4

1

7%

NOX

5.3

5.7

0.4

7%

3.2

3

0.2

7%
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SO2 Emissions (Metric tons)

Figure 114: CO2 results of the Sixth group, (N-S form axis direction and 40 WWR),
Experiment-2

Figure 115: SO2 results of the Sixth group, (N-S form axis direction and 40 WWR),
Experiment-2

NOX Emissions (Metric tons)
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Figure 116: NOX results of the Sixth group, (N-S form axis direction and 40 WWR),
Experiment-2

Annual energy breakdown results
The results revealed that cooling consumes the largest part of energy
compared to other systems. On average 41% of the total energy is consumed by
cooling system, followed by fan motors (16% of the total energy consumption),
then equipment, and water heating equally (15% of the total energy consumption
for each), followed by lighting (11% of the total energy consumption), and finally,
space heating (2% of the total energy consumption) (See Figure. 117). The cooling
load increases slightly with the increase of the courtyard space width. The energy
requirements by the other systems remain almost constant in all cases. (See Figure.
118). Moreover the highest levels of the energy consumption were recorded during
July and August for all cases, when cooling loads are the highest.
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Energy consumption (GJ)

Figure 117: The average of the annual energy breakdown percentage of the Sixth
group, (N-S form axis direction and 40 WWR), Experiment-2

Figure 118: The annual energy breakdown of the Sixth group, (N-S form axis
direction and 40 WWR), Experiment-2
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Chapter 6: Discussion
The main objective of this chapter is to discuss in depth the obtained results
presented in the previous chapters regarding the following:
•   How does performance change between different groups/levels of the form
design? Not necessarily within the same group (as presented before in the
results) but also across all groups or specific cases.
•   What are the trends for these changes?
•   What could be the main cause or causes of a performance change and the
produced trends? For instance, is it about the form proportion (linearity
versus squarely; horizontality versus verticality), the form exposure to the
outdoor environment (the compactness of the form), or combination of all
these factors?
•   How is the change affected by the building Form-Axis direction and WWR?
•   How can the findings be presented in a manner that can help researchers and
non-researchers (designers or decision makers) in terms of design tools,
guidelines, and recommendations?

The findings of all the 37 cases in Experiment-1 regarding all variables (LC
form proportion, courtyard space width, and form position) can be summarized as
follows:
•   Generally, the horizontality of the form has a remarkable impact on energy
savings. The cases that show the best performance are the ones with the
linear LC and linear courtyard proportions (i.e., expressed by the aspect
ratio, higher aspect ratio means more linear proportion).
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•   The cases with the C10 (those with the most linear courtyard or the highest
aspect ratio 1:3) proved to be the more energy efficient than the cases with
more squarely courtyards or having lower aspect ratio. (See Figure. 119).
•   The cases with LC5 (those with the most linear LC form or the highest
aspect ratio 1:1.8) proved to be more energy efficient than the cases with
more squarely LC forms or having lower aspect ratio. (See Figure. 119).
•   The results showed that the change in courtyard proportion has a higher
potential for energy savings than the change in LC proportion. This is
evidenced when we compare two cases one having the same LC proportions
but different courtyard proportion versus another one having the same
courtyard proportion but different LC proportion. For instance, when we
compare the difference in energy consumption made between case LC1-C10
and case LC1-C30 against the difference made between case LC1-C10 and
case LC5-C10, we find the former is larger than the latter (better savings).
•   The change of form axis direction (E-W form axis direction and N-S form
axis direction) has a slight impact compared to the changes in courtyard or
LC proportions. N-S form axis direction proved to be better than E-W form
axis direction for the majority of the cases (See Figure. 119). On average, a
reduction of 2.2 MJ/m2.y was found in the cases of N-S form axis direction
compared to the cases of E-W form axis direction.

Energy consumption (MJ/m2 Y)
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Figure 119: Experiment-1 shows how the change in courtyard proportion has
a higher potential for energy savings than the change in LC proportion in both E-W
and N-S form directions

Figure. 120 presents all the 24 subgroups of Experiment-2, where each
column of the same subgroup (on the x-axis) contains the average of all the cases
having the same WWR and form axis direction but different floor number.
Moreover, the following points summarize the findings among all the 126 cases
regarding all variables (LC form proportion, courtyard space width, building height
(or the number of floors), form-axis direction, and finally Window to Wall ratio).
•  

From the results of all cases (126 cases), it was found that significant
energy savings could be achieved as form height increases (verticality of
the form), showing the 6-floor cases as the best.

•  

Generally, the horizontality of the form was not as effective as the
verticality on achieving considerable energy savings; yet the results
between cases of the same height (or the number of floors) showed a
noticeable difference for only the low height subgroups (the 1-Floor and
2-floors cases). The case that showed the best performance in the 1-Floor
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subgroup was the LC-1. A linear form characterizes the form of this case.
The same result was found in all form axis directions and WWRs. For
high height groups (3-Floors and 6 Floors) no significant impact was
found when WWR was equal to 0, yet a noticeable difference was found
within the 6- Floors subgroup when WWR was equal to 20% and 40%.
The cases that showed the best performance in the 6-Floor subgroup were
the LC-2 and LC3. The forms of these cases are characterized by square
(or near to square) geometry. It was more obvious in the cases of WWR
40% than it is in the cases of WWR 20%.
When the WWR is equal to zero or has a relatively low value (such as WWR = 20),
the results of energy consumption are close to each other (The cases when WWR =
20% consume on average 8 MJ/m2.y more than the cases when WWR = 0%). Only
when the WWR = 40%, the energy consumption increases by 75 MJ/m2.y, on
average. This has been evident in all the cases of the different height and form axis
directions. By analyzing the annual energy breakdown, it was found that the amount
of energy consumed by lighting decreases with the increase of window to wall ratios,
especially from WWR0 to WWR 20% (Reduction of energy consumption by 250
MJ/m2.y on average), this decrease in lighting energy is accompanied with the
increase of cooling energy (180 MJ/m2.y on average) while the increase of WWR
from 20% to 40% has almost no effect on the amount used for lighting (only 2
MJ/m2.y of energy reduction on average) which means that the increase of WWR
from 20 to 40% regarding energy savings from lighting is negligible. On the other
hand, this increase in WWR (from 20 to 40%) is accompanied with an increase of
around 200 MJ/m2.y on average in cooling system.
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•  

The change of form axis direction (E-W or N-S) of the same WWR and
the same floor number does not make a significant difference. An average
reduction of 2 MJ/m2.y, 3 MJ/m2.y, and 4.3 MJ/m2.y was attributed to the
N-S form axis direction compared to the E-W form axis direction in the

Energy consumption (MJ/m2 Y)

cases when WWR = 0%, 20%, and 40% respectively.

Figure 120: The average of each subgroup having the same WWR and form
axis direction at different floor numbers

Architectural design is an exploration process that goes through
developmental stages with each stage requiring a different level of information
detailing. In the very early stages of design, many design variables (related to the
geometry or size of form) might not be determined yet by the designer. The issues
that have been investigated in Experiment-1 and Experiment-2 such as the LC form
proportion, the courtyard proportion, or the number of floors are examples of these
undetermined variables. All the investigations that have been done so far show to
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what extent the complex interrelations of these form-design variables affecting
energy consumption. To clearly understand the complex behavior of form on energy
consumption, it was necessary to add other variables that are more abstract. One of
which was the compactness of form; which can be thought of as a design variable
that the designer can use in a more abstract way (or higher level) of thinking at the
very early stages of design (i.e., when many other variables that specify the physical
characteristics of the form are still not tangible to the designer such as width, length,
height, Form direction, WWR) and could enable the designer to control and develop
the architectural form and see its impact on energy consumption. Other abstract
variables added to the investigations were the horizontality and verticality of forms,
which will be discussed later.

Figures. 121-126 demonstrate all the tested cases in Experiment-2 described
by the relative compactness versus energy consumption; for the first (WWR0/ E-W
form axis direction), second (WWR0/ N-S form axis direction), third (WWR20/ E-W
form axis direction), fourth (WWR20/ N-S form axis direction), fifth (WWR40/ E-W
form axis direction), and sixth (WWR40/ S-N form axis direction) groups
respectively. Each group of cases is presented in two different charts; the first chart
includes the interrelation between the LC, the courtyard, and the floor number of all
the cases within the same group. One can see clearly from these Figure that
compactness of form (represented by relative compactness or RC) has a significant
impact on energy consumption; which is the higher compactness of form achieves
higher energy savings. This can be seen as a further support to the findings of other
previous studies that claimed the same (AlAnzi et al., 2009; Catalina, Virgone, &
Iordache, 2011; Depecker, Menezo, Virgone, & Lepers, 2001; Koranteng & Abaitey,
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2010; Ourghi, Al-Anzi, & Krarti, 2007). Such a finding is understandable as the
more compact form possesses less area of exposure to the outdoors environment, and
hence the potential for energy savings is improved.
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Figure 121: The correlation between relative compactness and energy consumption,
First group (WWR0/E-W form axis direction)
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Figure 122: The correlation between relative compactness and energy consumption,
Second group (WWR0/N-S form axis direction)
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Figure 123: The correlation between relative compactness and energy consumption,
Third group (WWR20/ E-W form axis direction)
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Figure 124: The correlation between relative compactness and energy consumption,
Fourth group (WWR20/ N-S form axis direction)
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Figure 125: The correlation between relative compactness and energy consumption,
Fifth group (WWR40/ E-W form axis direction)
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Figure 126: The correlation between relative compactness and energy consumption,
Sixth group (WWR40/ N-S form axis direction)

Figures. 127-132 presents the trend line (linear regression) between the two
variables, energy consumption (E) and the Relative Compactness (RC) for all the
tested cases of each group with the formulae that express the linear regression
between the two variables. The governing equations that can be used (by the
designer of a school) to predict energy consumption (E) from relative compactness
(RC) are shown in Table 88.
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Table 88: The governing equations to predict energy consumption (E) from relative
compactness (RC)
Group #
First group

Group Name
WWR0/ E-W form axis
direction
WWR0/ N-S form axis
direction
WWR20/ E-W form axis
direction
WWR20/ N-S form axis
direction
WWR40/ E-W form axis
direction
WWR40/ N-S form axis
direction

Second
group
Third group
Fourth
group
Fifth group
Sixth group

Governing Equation
E = -2632.3.RC + 2976.1, R² =
0.92107
E = -2634.4.RC + 2976.9, R² =
0.92295
E = -2635.3.RC+ 2983.2, R² = 0.9194
E = -2637.8.RC + 2982.1, R² =
0.92263
E = -2636.8.RC + 3034, R² = 0.9143
E = -2642.5.RC + 3032.8, R² =
0.91834

Where:
•   E = energy consumption,
•   RC = Relative Compactness, and
•   R² is the coefficient of determination, which gives the proportion of the
variance (fluctuation) of E as predictable from RC. It denotes the strength of
the linear association between E and RC (how certain one can be in making
predictions from the model).
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Figure 127: The correlation between relative compactness and energy consumption,
First group (WWR0/ E-W form axis direction)
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Figure 128: The correlation between relative compactness and energy consumption,
Second group (WWR0/ N-S form axis direction)
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Figure 129: The correlation between relative compactness and energy consumption,
Third group (WWR20/ E-W form axis direction)
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Figure 130: The correlation between relative compactness and energy consumption,
Fourth group (WWR20/ N-S form axis direction)
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Figure 131: The correlation between relative compactness and energy consumption,
Fifth group (WWR40/ E-W form axis direction)
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Figure 132: The correlation between relative compactness and energy consumption,
Sixth group (WWR40/ N-S form axis direction)

As more exploration is made in the design process toward the sought design,
more design variables become gradually known to the designer. The two variables
that are of concern here are the verticality and the horizontality of form. Therefore,
another level of seeing how design variables can influence energy consumption is
when compactness of the form (represented by relative compactness or RC) is
considered along with verticality of the form (represented by the number of floors)
and/or horizontality of the form (represented by LC form proportion and Courtyard
proportion). Figures. 133-145 demonstrate the impact of verticality and horizontality
on energy consumption. It is evident from these charts that the impact of verticality
on energy consumption is significant since the least energy consumption cases are
the ones with the 6-floors height, followed by ones with the 3-floors height, then the
ones with the 2-floors height, and lastly the ones with the1-floor height. The
significant impact of verticality compared to horizontality is mainly attributed to the
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sun position in the sky with regards to geographical location or latitude. In Abu
Dhabi Emirate, where the Tropic of Cancer (Latitude 23.5°) passes across Al-Ain
city, the solar altitude angle in the hottest months is perpendicular	
 on the roof which
results to a concentration of solar radiation, therefore the least roof area that
characterizes the vertical form, as opposed to the horizontal form, means the least
solar gain through the roof and hence the least energy needed for cooling. These
cases have also very compact forms and thus the potential to perform better. So, the
verticality of form is a powerful design variable especially when it is combined with
high compactness. Horizontality on the other hand proved to have a positive relation
with energy consumption; the increase in horizontality is accompanied with the
increase in energy consumption. Figure. 146 presents the point when verticality and
horizontality converge; this point is located at the 3-Floors cases. This design
conFigureuration can be interpreted as the optimum building height that can balance
between the benefits of verticality (such as energy saving, lower levels of GHG
emissions) and horizontality (building functions).
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Figure 133: The correlation between verticality and energy consumption in the first
group of cases (WWR0/E-W form axis direction), Experiment-2

Figure 134: The correlation between horizontality and energy consumption in the
first group of cases (WWR0/E-W form axis direction), Experiment-2
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Figure 135: The correlation between verticality and energy consumption in the
Second group of cases (WWR0/N-S form axis direction), Experiment-2

Figure 136: The correlation between horizontality and energy consumption in the
Second group of cases (WWR0/N-S form axis direction), Experiment-2
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Figure 137: The correlation between verticality and energy consumption in the Third
group of cases (WWR20/E-W form axis direction), Experiment-2

Figure 138: The correlation between horizontality and energy consumption in the
Third group of cases (WWR20/E-W form axis direction), Experiment-2
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Figure 139: The correlation between verticality and energy consumption in the
Fourth group of cases (WWR20/N-S form axis direction), Experiment-2

Figure 140: The correlation between horizontality and energy consumption in the
Fourth group of cases (WWR20/N-S form axis direction), Experiment-2
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Energy consumption (MJ/m2)

Figure 141: The correlation between verticality and energy consumption in the fifth
group of cases (WWR40/E-W form axis direction), Experiment-2

Figure 142: The correlation between horizontality and energy consumption in the
fifth group of cases (WWR40/E-W form axis direction), Experiment-2
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Energy consumption (MJ/m2 Y)

Figure 143: The correlation between verticality and energy consumption in the sixth
group of cases (WWR40/N-S form axis direction), Experiment-2

Figure 144: The correlation between horizontality and energy consumption in the
fifth group of cases (WWR40/E-W form axis direction), Experiment-2
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Figure 145: The correlation between verticality and horizontality, Experiment-2

Design Guidelines:
Architects and decision makers can benefit from the results of this research by
applying the steps in table 89 in order to help predict approximately the amount of
energy needed for the building by defining its RC, the results are presented in MJ/m2
per year.
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Table 89: Design guidelines
Step
1
2
3
4
5

6

!

procedure
Define building’s verticality
(Building’s Height)
Define building’s proportions
Define building orientation
Define building WWR
Calculate RC

Calculate energy consumption based
on the selected WWR and form axis
direction.
WWR0/ E-W form axis direction
WWR0/ N-S form axis direction
WWR20/ E-W form axis direction
WWR20/ N-S form axis direction
WWR40/ E-W form axis direction
WWR40/ N-S form axis direction

Reference
The higher the building the lower energy consumes.
The linear LC and C consume less energy
N-S or E-W form axis direction
Depends on the WWR calculations
1.! Compactness=Total Volume/Total surface
2.! Relative Compactness = Compactness of
cube (the most compacted shape)/Compactness of
the shape

E = -2632.3.RC + 2976.1, R² = 0.92107
E = -2634.4.RC + 2976.9, R² = 0.92295
E = -2635.3.RC+ 2983.2, R² = 0.9194
E = -2637.8.RC + 2982.1, R² = 0.92263
E = -2636.8.RC + 3034, R² = 0.9143
E = -2642.5.RC + 3032.8, R² = 0.91834
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Chapter 7: Conclusion
This study investigated the architectural finger plan school form and its
impact on energy consumption, considering other related variables such the form
axis direction and WWR. It relied mainly on computer simulation preceded by
other methods to collect school design data from surveys of drawings and case
study analysis. Two different experiments were performed to understand fully the
impact of the building form on energy consumption. The first experiment depended
on standard design variables that are practiced in ADEK schools, while the second
experiment had a wider scope investigation and therefore it was designed with
larger ranges of design variables that permitted interpretation of results through
more

abstract

performance

variables

such

as

form

compactness

and

verticality/horizontality of form.
The results demonstrated that compactness of building form and its
verticality has higher potential to save energy than other design variables. The
more compact and more vertical form, the less energy is consumed. On average, a
reduction of 43% was achieved between the 1-floor and the 2-floor cases that share
the same floor area and building volume. Cases with higher number of floors
achieved higher energy savings (71% energy savings between the 1-floor and the 6floor cases, on average). Hence, verticality and compactness of form should be
given a high priority by designers when designing energy-efficient schools
especially that these two variables were considered very effective (as they lend
themselves suitably) during the early stages of the design process.
Another interesting finding is related to the building form proportion.
Results indicate that the linear form proportion performed better than the squared
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ones. A remarkable energy savings (0.4% on average) was attributed to the linear
forms over the squared ones that shared the same area, volume, orientation, and
glazing size.
When WWR and form axis direction were changed between the cases, the
results showed consistent patterns with the findings mentioned above. Regarding
change of WWR (at any of the tested form directions), the average of all the cases
showed that if WWR = 20% and WWR = 40%, this would result in 1% and 6%
increase in energy, respectively, compared to WWR = 0. Regarding change of form
axis direction, the average of all the cases showed that if form axis direction = EW, this would result in 0.2% increase in energy, compared to form axis direction =
N-S with 20% WWR; and 0.3% increase in energy compared to form axis direction
= N-S with 40% WWR.
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Appendix-2
Abu Dhabi list of public schools
School Name
Moza Bint Butti
School
Obada Bin Al
Samit School
Al Fateh School
Hamza Bin Abdel
Muttalib School
Saad Bin Obada
School
Al Ruwad School

Type

Gender

Location

Public

Girls

AL RAHBA

Public

Boys

AL KHATIM

Public

Girls

AL
SHAWAMEKH

Public

Boys

BANIYAS

Public

Boys

BANIYAS

Public

Boys

AL NAHDA

Darweesh bin
Karam

Public

Boys

AL MAQTA
AREA

Al Samha School

Public

Girls

AL SAMHA

Al Noor School

Public

Girls

BANIYAS

Public

Girls

AL FALAH

Public

Co-Edu

AL FALAH

Public

Co-Edu

ABU DHABI
ISLAND

Public

Mixed

BANIYAS

Public

Boys

AL
SHAWAMEKH

Yas School

Public

Co-Edu

YAS ISLAND

Al Shahama
School

Public

Girls

AL SHAHAMA

Al Suqoor School

Public

Boys

Fatima Bint
Mubarak School

Public

Girls

Al Ebtehal KG

Public

Mixed

AL RAHBA

Al Fayha'a KG

Public

Mixed

ABU DHABI
ISLAND

Al Aasima School

Public

Boys

AL SHAMKHA

Um Al Arab
School
Rooh Al Ittihad
School
Hamdan Bin
Zayed School
Atfal Al Ma'arifa
KG
Mohamed Bin Al
Qasem School

ABU DHABI
ISLAND
ABU DHABI
ISLAND

Hamooda Bin Ali
School

Public

Boys

ABU DHABI
ISLAND

Al Bawadi School

Public

Boys

BANIYAS

Al Dhabianeya
School

Public

Girls

Hunain School

Public

Girls

Public

Boys

AL SAMHA

Public

Girls

ABU DHABI
ISLAND

Public

Mixed

AL SHAMKHA

Al Falahiya
School
Aisha Bint Abi
Baker School
Al Shamkha KG

ABU DHABI
ISLAND
ABU DHABI
GATE CITY

Atfal Abu Dhabi
KG

Public

Mixed

ABU DHABI
ISLAND

Al Falah KG

Public

Mixed

AL FALAH

Al Budoor KG

Public

Mixed

Al Reem School

Public

Girls

MOHAMED
BIN ZAYED
CITY
ABU DHABI
ISLAND

Curriculum

Latitude

Longitude

24.5569

54.6771000000001

24.1823000000001

55.0051

24.3493

54.6495

24.2933748300001

54.64077138

24.3061000000001

54.6531000000001

24.2400015000001

54.7248427700001

24.4057

54.5035

24.6818476500001

54.77696174

24.28584133

54.64657971

24.458419

54.721841

24.4563900000001

54.7378000000001

24.460452

54.358551

24.3059000000001

54.6357

24.37398911

54.6629141500001

24.503964422

54.5915970130001

24.5399

54.6777000000001

24.4793

54.3765000000001

24.48298923

54.38113901

24.5902513500001

54.69894164

24.4653000000001

54.3459

24.37653256

54.7124724500001

24.4313000000001

54.3957

24.3138106500001

54.6298109000001

24.4327000000001

54.3969000000001

24.3935000000001

54.4969

24.6814107700001

54.7731396400001

24.4657

54.3711000000001

24.4061847200001

54.7236333800001

24.4639

54.3671000000001

24.4212953700001

54.7213475900001

Abu Dhabi
School Model

24.33545717

54.5453966200001

Abu Dhabi
School Model

24.4357000000001

54.4325000000001

Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
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Al Muzoon KG

Public

Mixed

AL FALAH

Public

Mixed

KHALIFA CITY

Public

Co-Edu

ABU DHABI
ISLAND

Al Khatim School

Public

Co-Edu

AL KHATIM

Al Fursan KG

Public

Mixed

Al Jeel Al Jadeed
KG
Mubarak Bin
Mohammed
School

BANIYAS
ABU DHABI
GATE CITY
MOHAMED
BIN ZAYED
CITY

Al Marwa School

Public

Girls

Seer Bani Yas
School

Public

Boys

Al Taweela
School

Public

Girls

Al Eathaar KG

Public

Mixed

Al Ehsan KG

Public

Mixed

Al Ghazali School

Public

Boys

Al Qadisiya
School

Public

Girls

Ain Jaloot School

Public

Girls

AL BAHYA

Bunat Al Ghad
KG

Public

Mixed

AL SHAMKHA

Al Afaaq School

Public

Girls

Zayed Al Thani
School

Public

Boys

Al Yasat KG

Public

Mixed

AL SHAHAMA

Public

Boys

BANIYAS

Public

Boys

Al Bateen School

Public

Boys

Khadeeja Al
Kubra School

Public

Girls

Al Lulu School

Public

Girls

BANIYAS

Al Sameeh School

Public

Boys

AL RAHBA

Salama Bint Butti
School

Public

Girls

BANIYAS

Omair Bin Yousef
School
Khalifa Bin Zayed
School

AL SAMHA
AL
SHAWAMEKH
ABU DHABI
ISLAND
ABU DHABI
ISLAND
ABU DHABI
ISLAND

ABU DHABI
ISLAND
ABU DHABI
ISLAND

ABU DHABI
ISLAND
ABU DHABI
ISLAND
ABU DHABI
ISLAND

Al Qarm School

Public

Boys

MOHAMED
BIN ZAYED
CITY

Al Ajbaan School

Public

Boys

AL SHAHAMA

Al Nassr KG

Public

Mixed

AL NAHDA

Al Jeel KG

Public

Mixed

AL SHAMKHA

Ibn Sina School

Public

Boys

AL SHAHAMA

Al Mawaheb
School

Public

Girls

ABU DHABI
ISLAND

Al Reef School

Public

Girls

AL SHAHAMA

Al Tafawoq
School

Public

Boys

AL SHAMKHA

Bani Yas School

Public

Girls

BANIYAS

Al Hosn School

Public

Boys

AL SHAMKHA

Khalifa City A
School

Public

Girls

KHALIFA CITY

Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model

24.42489894

54.7494524100001

24.4041

54.5881000000001

24.4586534800001

54.35531453

24.1821

54.9941000000001

24.2911

54.6489

24.3936963100001

54.5002640600001

24.32991071

54.5317391400001

24.67030964

54.75594389

24.35949286

54.65457151

24.4427000000001

54.3917000000001

24.4575

54.3401000000001

24.44159317

54.4039379500001

24.51972511

54.66269643

24.3983000000001

54.7423000000001

24.4591

54.3683

24.4665000000001

54.3553000000001

24.5543000000001

54.6841000000001

24.2861

54.6455

24.4295000000001

54.4075

24.4605

54.3445

24.4818191000001

54.3691477100001

24.3257

54.6303

24.6417000000001

54.7303000000001

24.2984070800001

54.6342992800001

24.3759037900001

54.53703898

24.5259

54.6785

24.2415

54.7185000000001

24.3918703800001

54.69997614

24.5213000000001

54.6887

24.4625

54.3481

24.54121672

54.6803178500001

24.3973

54.7333

24.3027000000001

54.6415000000001

24.3951000000001

54.7337000000001

24.4115068900001

54.5881237900001
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Public

Girls

MOHAMED
BIN ZAYED
CITY

Public

Mixed

BANIYAS

Public

Girls

AL NAHDA

Public

Girls

AL SHAMKHA

Al Asayel School

Public

Girls

KHALIFA CITY

Al Erteqaa School

Public

Girls

AL SHAMKHA

Al Rudwan KG

Public

Mixed

KHALIFA CITY

Al Maha School

Public

Girls

AL FALAH

Public

Boys

AL BAHYA

Public

Boys

AL SHAMKHA

Public

Boys

AL SHAHAMA

Al Montaha
School
Atfal Al Emarat
KG
Omama Bint Al
Harith School
Al Taqadom
School

Sa'ad Bin Mo'aath
School
Al Ta'awun
School
Abdul Qader Al
Jazaeri School
Abu Dhabi School

Public

Boys

ABU DHABI
ISLAND

Halima Al
Sa'adeya School

Public

Girls

AL SHAHAMA

Al Morjan KG

Public

Mixed

AL SAMHA

Al Suroor KG

Public

Mixed

BANIYAS

Al Wathba School

Public

Girls

AL NAHDA

Al Zallaqa School

Public

Girls

BANIYAS

Al Moktashif
Alsaghir KG

Public

Mixed

AL RAHBA

Al Oula KG

Public

Mixed

AL
SHAWAMEKH

Al Aryam KG

Public

Mixed

KHALIFA CITY

Al Qemma School

Public

Co-Edu

AL SHAMKHA

Al Reyada School

Public

Girls

AL SHAMKHA

Al Shawamekh
School

Public

Girls

AL
SHAWAMEKH

Al Ezzah School

Public

Co-Edu

BANIYAS

Al Mutanabi
School

Public

Boys

BANIYAS

Abdulla Bin
Otaiba School

Public

Co-Edu

MOHAMED
BIN ZAYED
CITY

Al Bedaya KG

Public

Mixed

AL SHAMKHA

Abdul Jaleel Al
Fahim School
Al Mostaqbal
School

ABU DHABI
ISLAND
ABU DHABI
ISLAND

Public

Boys

Public

Boys

Public

Girls

AL SHAMKHA

Public

Boys

AL
SHAWAMEKH

Public

Boys

KHALIFA CITY

Public

Boys

AL NAHDA

Al Salam School

Public

Co-Edu

AL FALAH

Al Nayfa KG

Public

Mixed

AL FALAH

Al Asala School
Al Jazeera Club
Academy
Sas Al Nakhl
School
Al Waleed Bin
Abdel Malek
School

Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model

24.3187

54.5345

24.3041000000001

54.6553000000001

24.2671

54.6961000000001

24.3919000000001

54.7373000000001

24.4133

54.5709000000001

24.40464646

54.7326603600001

24.4279

54.5661000000001

24.4223000000001

54.7417

24.5259

54.6727000000001

24.37579105

54.7136087000001

24.52156769

54.6757928000001

24.4599892300001

54.367732

24.5500025700001

54.68827251

24.6747

54.7593000000001

24.3145000000001

54.6453000000001

24.2441000000001

54.7095

24.2991000000001

54.6461

24.6503960000001

54.7379250000001

24.3293

54.6427

24.4011

54.5611000000001

24.3641000000001

54.6927000000001

24.3893

54.6897000000001

24.3293

54.6451000000001

24.3201

54.6191000000001

24.3053

54.6545

24.31765454

54.5603382

24.38588823

54.7320784600001

24.4417

54.4361000000001

24.4591071400001

54.3826859700001

24.4065000000001

54.7323000000001

24.3814465900001

54.6645645

24.4171000000001

54.5687

24.2645000000001

54.7013000000001

24.44659018

54.7113509000001

24.4463335400001

54.71384284
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Al Thuraya KG

Public

Mixed

AL BAHYA

Al Qodra School

Public

Boys

AL FALAH

Jern Yafoor
School

Public

Boys

BANIYAS
ABU DHABI
ISLAND
AL
SHAWAMEKH
MOHAMED
BIN ZAYED
CITY
SHAKHBOUT
CITY

Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model

24.54237851

54.63182004

24.4259000000001

54.7297

24.299357

54.620865

24.4389

54.4027

24.3267000000001

54.6434

Abu Dhabi
School Model

24.304732883

54.592002914

Abu Dhabi
School Model

24.3714809640001

54.6397095180001

Al Mushrif KG

Public

Mixed

Al Sammaliya
School

Public

Boys

Al Danah School

Public

Co-Edu

Al Watan School

Public

Co-Edu

Private

Co-Edu

ABU DHABI
ISLAND

American

24.45657

54.35963

Private

Co-Edu

ABU DHABI
ISLAND

American

24.4701

54.3849

Private

Co-Edu

MOHAMED
BIN ZAYED
CITY

American

24.3612

54.5498

Private

Co-Edu

BANIYAS

MoE

24.2931

54.6342

24.4293

54.5643

Emirates National
Private School Al Manaser
Emirates National
Private School Al Nahyan
Emirates National
Private School MBZ
Emirates Private
School - Bani Yas
GEMS Americas
Academy
GEMS Cambridge
International
School
GEMS World
Academy - Abu
Dhabi
International
Academic School
International
Community Branch
International
Community
School
International
Jubilee Private
School
Islamia English
School
Japanese Private
School
Lycee Louis
Massignon
Merryland
International
School
AL MUNEERA
PRIVATE
SCHOOL
Pakistan
Community
Welfare School
Pearl Primary
School
Polaris Private
Academy
Private
International
English School
Bloom Gardens
School (Brighton
College)
Diyafah
International
School LLC

Private

Co-Edu

KHALIFA CITY

International
Baccalaureate,
American

Private

Co-Edu

BANIYAS

British

24.30722

54.62413

Private

Co-Edu

ABU DHABI
ISLAND

American

24.482

54.3785

Private

Co-Edu

SHAKHBOUT
CITY

American,British

24.36345

54.6373

Private

Co-Edu

ABU DHABI
ISLAND

British

24.4869

54.3754

Private

Co-Edu

ABU DHABI
ISLAND

American,British

24.43447

54.39828

Private

Co-Edu

ABU DHABI
ISLAND

MoE,American

24.4797

54.3653

Private

Co-Edu

British

24.4757

54.3768

Private

Co-Edu

Japanese

24.4565

54.3436

Private

Co-Edu

French

24.4309

54.4314

Private

Co-Edu

British

24.3463

54.5358

Private

Co-Edu

MoE

24.3212

54.6367

Private

Co-Edu

Pakistan

24.3209

54.532

Private

Co-Edu

British

24.4752

54.3754

Private

Co-Edu

MoE

24.4839

54.3818

Private

Co-Edu

Indian

24.3394

54.5312

Private

Co-Edu

ABU DHABI
ISLAND

British

24.42921

54.46064

Private

Co-Edu

MOHAMED
BIN ZAYED
CITY

British

24.34487

54.55709

ABU DHABI
ISLAND
ABU DHABI
ISLAND
ABU DHABI
ISLAND
MOHAMED
BIN ZAYED
CITY
BANIYAS
MOHAMED
BIN ZAYED
CITY
ABU DHABI
ISLAND
ABU DHABI
ISLAND
MOHAMED
BIN ZAYED
CITY
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GEMS Winchester
School
German
International
School
ADNOC
SCHOOLS - SAS
AL NAKHL
Good Will
Children Private
School
Horizon Private
School
Horizon Private
School - Branch
Sheikh Zayed
Academy
Summit
Internation School

Private

Co-Edu

ABU DHABI
ISLAND

British

24.482

54.3695

Private

Co-Edu

ABU DHABI
ISLAND

German

24.466

54.3609

Private

Co-Edu

KHALIFA CITY

American

24.4176

54.5135

Private

Co-Edu

MOHAMED
BIN ZAYED
CITY

British

24.3303

54.5375

Private

Co-Edu

KHALIFA CITY

MoE

24.41984

54.59868

Private

Co-Edu

KHALIFA CITY

American

24.41919

54.59817

American

24.45263

54.37198

American

24.47927

54.36772

Indian

24.3384

54.5308

ABU DHABI
ISLAND
ABU DHABI
ISLAND
MOHAMED
BIN ZAYED
CITY

Private

Co-Edu

Private

Co-Edu

Private

Co-Edu

Private

Co-Edu

ABU DHABI
ISLAND

International
Baccalaureate,
American

24.43

54.4308

Private

Co-Edu

ZAYED CITY

International
Baccalaureate,B
ritish

24.3651

54.564

Private

Co-Edu

British

24.448

54.3874

The Cambridge
High School

Private

Co-Edu

British

24.3461

54.5307

The Elite Private
School

Private

Co-Edu

American

24.34661

54.53711

Private

Co-Edu

AL BAHYA

British

24.52463

54.66642

Private

Co-Edu

ABU DHABI
ISLAND

SABIS

24.4553

54.3823

Private

Co-Edu

ABU DHABI
ISLAND

MoE

24.4568

54.3854

Private

Co-Edu

KHALIFA CITY

SABIS

24.4138

54.5665

Private

Co-Edu

Iranian

24.4754

54.3677

Private

Co-Edu

Indian

24.3212

54.5373

Private

Co-Edu

ABU DHABI
ISLAND

MoE

24.48895

54.36589

Private

Co-Edu

ABU DHABI
ISLAND

French

24.457

54.3427

Private

Co-Edu

BANIYAS

American

24.28594

54.63941

Private

Co-Edu

MoE

24.4312

54.4042

Private

Co-Edu

MoE

24.48018

54.38028

Private

Co-Edu

AL SHAMKHA

British

24.35447

54.70656

Private

Co-Edu

SHAKHBOUT
CITY

International
Baccalaureate

24.35447

54.63657

Private

Co-Edu

ABU DHABI
ISLAND

Canadian

24.4919

54.3808

Sunrise English
Private School
The American
International
School in Abu
Dhabi
The British
International
School, Abu
Dhabi
The British School
- Al Khubairat

Al Basma private
school
The International
School of
Choueifat - Abu
Dhabi City
Rosary Private
School
The International
School of
Choueifat Khalifa A
The Iranian
Private School
The Model Private
School
The National
Torches Private
School
Theodore Monod
French Private
School
United School of
Baniyas
Vision Private
School
Yas Academy
School
A.B.C. Private
School
Abu Dhabi
Australian School
Abu Dhabi
Grammar School
(Canada)

ABU DHABI
ISLAND
MOHAMED
BIN ZAYED
CITY
MOHAMED
BIN ZAYED
CITY

ABU DHABI
ISLAND
MOHAMED
BIN ZAYED
CITY

ABU DHABI
ISLAND
ABU DHABI
ISLAND
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Abu Dhabi Indian
School
Abu Dhabi
International
Private School
Abu Mousa Al
Ashaari Private
School
Mayoor Private
School

Private

Co-Edu

ABU DHABI
ISLAND

Indian

24.445

54.4103

Private

Co-Edu

ABU DHABI
ISLAND

American,British

24.462

54.3657

Private

Co-Edu

AL WATHBA

MoE

24.2731

54.6683

Private

Co-Edu

AL WATHBA

Indian

24.27051

54.6509

Private

Co-Edu

MOHAMED
BIN ZAYED
CITY

MoE

24.3201

54.5342

Private

Co-Edu

ABU DHABI
ISLAND

American

24.4551

54.3414

Private

Co-Edu

ABU DHABI
ISLAND

International
Baccalaureate,B
ritish

24.4584

54.3614

Private

Co-Edu

MoE

24.4595

54.3566

Private

Co-Edu

American

24.34551

54.532

Private

Co-Edu

BANIYAS

MoE

24.2918

54.639

Private

Co-Edu

ABU DHABI
ISLAND

MoE

24.4693

54.3703

Private

Co-Edu

BANIYAS

British

24.32765

54.62862

Private

Co-Edu

BANIYAS

MoE

24.28925

54.64452

Private

Co-Edu

BANIYAS

Philippine

24.2936

54.6373

Private

Co-Edu

BANIYAS

Philippine

24.30221

54.64207

Private

Co-Edu

BANIYAS

MoE

24.2814

54.6545

Private

Co-Edu

Belvedere British
School

Private

Co-Edu

Bright Riders
School

Private

Co-Edu

Private

Al Bashair Private
School
Al Bateen
Scientific Private
School
Al Bateen
Secondary-Al
Mushrif Private
School
Al Dhabiania
Private School
Al Dhafra Private
Schools
Al Ekhlass Private
School
Al Iman Private
School
Reach British
Private School
Al Tharawat
National Private
School
Philippine
Emirates School
The Philippine
School
Baraem Al Ain
Private School /
Bani Yas
Beit Al Maqdes
International
Private School

Canadian
International
School
Crescent
international
private school
Dar Al Uloom
Private School
Emirates Future
International
Academy
Bani Yas
International
Private School
Raha International
School
Rawafed Private
School
Repton Primary
School
Saint Joseph's
School
Shaikh Khalifa
Bin Zayed

ABU DHABI
ISLAND
MOHAMED
BIN ZAYED
CITY

MOHAMED
BIN ZAYED
CITY
MOHAMED
BIN ZAYED
CITY
MOHAMED
BIN ZAYED
CITY

MoE

24.3272

54.5328

British

24.34289

54.53472

Indian

24.34479

54.54194

Co-Edu

KHALIFA CITY

Canadian

24.4203

54.6002

Private

Co-Edu

KHALIFA CITY

British

24.4311

54.583

Private

Co-Edu

BANIYAS

MoE

24.2855

54.6397

Private

Co-Edu

MOHAMED
BIN ZAYED
CITY

Indian

24.3351

54.5324

Private

Co-Edu

BANIYAS

American

24.3237

54.6332

Private

Co-Edu

KHALIFA CITY

International
Baccalaureate

24.4341

54.5756

Private

Co-Edu

KHALIFA CITY

American

24.42953

54.58553

Private

Co-Edu

British

24.5072

54.407

Private

Co-Edu

Indian

24.4489

54.3855

Private

Co-Edu

Bangladeshi

24.4359

54.4398

AL REEM
ISLAND
ABU DHABI
ISLAND
ABU DHABI
ISLAND
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Bangladish
Islamia Private
School LLC
Sheikh Khalifa
Bin Zayed Arab
Pakistan Private
School
Al Bahya Private
School
Al Ittehad
National Private
School - Abu
Dhabi
Al Rabeeh School
LLC

Private

Co-Edu

ABU DHABI
ISLAND

Pakistan

24.4441

54.4016

Private

Co-Edu

KHALIFA CITY

MoE

24.41832

54.56593

Private

Co-Edu

KHALIFA CITY

American

24.4037

54.5855

Private

Co-Edu

ABU DHABI
ISLAND

British

24.4423

54.4003

Private

Co-Edu

KHALIFA CITY

British

24.43206

54.584

Private

Co-Edu

SHAKHBOUT
CITY

American

24.37514

54.63927

Private

Co-Edu

AL SHAMKHA

American

24.39504

54.71092

Private

Co-Edu

KHALIFA CITY

British

24.4257

54.5465

Private

Co-Edu

ABU DHABI
ISLAND

American

24.4639

54.3406

Private

Co-Edu

SHAKHBOUT
CITY

MoE

24.3601

54.6279

Private

Co-Edu

Canadian

24.34222

54.53343

Ryan Private
School

Private

Co-Edu

Indian

24.3396

54.5325

Ajyal International
Private School

Private

Co-Edu

British

24.33891

54.55724

Cranleigh School
Abu Dhabi

Private

Co-Edu

British

24.53292

54.42253

Creative British
School

Private

Co-Edu

British

24.3329

54.5372

Private

Co-Edu

Indian

24.26382

54.65924

Private

Co-Edu

Indian

24.32092

54.53373

Private

Co-Edu

MoE

24.38994

54.64561

Private

Co-Edu

BANIYAS

Indian

24.29506

54.61739

Private

Co-Edu

KHALIFA CITY

Indian

24.42201

54.6214

Private

Co-Edu

AL BAHYA

British

24.53648

54.632

Private

Co-Edu

SHAKHBOUT
CITY

American

24.3904

54.65457

Private

Co-Edu

SHAKHBOUT
CITY

MoE

24.39846

54.65282

Private

Co-Edu

ABU DHABI
ISLAND

American

24.4643

54.34982

Private

Co-Edu

MOHAMED
BIN ZAYED
CITY

American

24.34621

54.54161

Private

Co-Edu

BANIYAS

Indian

24.29819

54.63631

Al Shohub School
Al Sorouh
American School
Al Yasat Private
School
Al Yasmina
School
American
Community
Private School
Ashbal Al Quds
Private Secondary
School
MAPLEWOOD
INTERNATIONA
L SCHOOL

Abu Dhabi Indian
- Branch1
Shining Star
Internationl
School
Al Maharat
Private School
GEMS United
Indian School
L.L.C
RYAN
INTERNATIONA
L SCHOOL
Amity
International
School L.L.C
Virginia
International
Private School
Modern Private
School
Sheikh Zayed
Academy For
Boys
Abu Dhabi
International
Private SchoolMBZ
GLOBAL
INDIAN
INTERNATIONA
L

MOHAMED
BIN ZAYED
CITY
MOHAMED
BIN ZAYED
CITY
MOHAMED
BIN ZAYED
CITY
SADIYAT
ISLAND
MOHAMED
BIN ZAYED
CITY
AL WATHBA
MOHAMED
BIN ZAYED
CITY
SHAKHBOUT
CITY
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THE PHILIPPINE
GLOBAL
SCHOOL
Emirates Private
School - Abu
Dhabi
SABIS
INTERNATIONA
L SCHOOL YAS ISLAND
INTERNATIONA
L INDIAN
SCHOOL - ABU
DHABI
SCHOLARS
AMERICAN
INTERNATIONA
L SCHOOL
ALANSAR INT.
PRIVATE
SCHOOL
AL DAR
ACADEMIESAL-MAMOURA
SCHOOL L.L.C
BRANCH5
AL DAR
ACADEMIESWEST YAS
SCHOOL L.L.C
BRANCH6
AJYAL
INTERNATIONA
L SCHOOLALFALAH
Al Maali
International
School
Al Manara Private
School
Al Manhal
International
Private School
Al Muna Primary
School-Abu Dhabi
Al Murooj
Scientific Private
School
Al Nahda National
School - Boys
Al Nahda National
School - Girls

Private

Co-Edu

ABU DHABI
ISLAND

Philippine

24.4432

54.4024

Private

Co-Edu

ABU DHABI
ISLAND

MoE,American,
British

24.4404

54.436

Private

Co-Edu

YAS ISLAND

SABIS

24.50688

54.59929

Private

Co-Edu

BANIYAS

Indian

24.29408

54.61923

Private

Co-Edu

SHAKHBOUT
CITY

American

24.36147

54.63301

Private

Co-Edu

AL SHAMKHA

British

24.35647

54.70421

Private

Co-Edu

ABU DHABI
ISLAND

British

24.46571

54.39368

Private

Co-Edu

YAS ISLAND

American

24.49456

54.58919

Private

Co-Edu

AL FALAH

American

24.44554

54.72138

Private

Co-Edu

MOHAMED
BIN ZAYED
CITY

MoE,American

24.31672

54.53373

Private

Co-Edu

BANIYAS

MoE

24.29045

54.63083

Private

Co-Edu

ABU DHABI
ISLAND

MoE

24.4289

54.4098

Private

Co-Edu

British

24.4867

54.3625

Private

Co-Edu

British

24.34672

54.53394

Private

Boys

24.4581

54.3867

Private

Co-Edu

24.4367

54.3998

Al Najah Private
School

Private

Co-Edu

24.3396

54.5368

Al Rabeeh
Academy

Private

Co-Edu

British

24.3169825

54.5584833

Repton School

Private

Co-Edu

Private

ABU DHABI
ISLAND
MOHAMED
BIN ZAYED
CITY
ABU DHABI
ISLAND
ABU DHABI
ISLAND
MOHAMED
BIN ZAYED
CITY
MOHAMED
BIN ZAYED
CITY
AL REEM
ISLAND

American,Britis
h
American,Britis
h
International
Baccalaureate,B
ritish

British

24.492971

54.405749

Co-Edu

AL BAHYA

British

24.51457811

54.665728

Private

Co-Edu

MOHAMED
BIN ZAYED
CITY

MoE

24.3566064570001

54.551049531

Public

Girls

AL NAHDA

24.2617918600001

54.7057477100001

Al Bahya School

Public

Boys

AL SHAHAMA

24.5493000000001

54.6811000000001

Al Jawhara School

Public

Co-Edu

AL DHAFRAH

24.2683000000001

54.5629000000001

Al Moatasem

Public

Boys

BANIYAS

24.29259267

54.6555998100001

ASPEN
HEIGHTS
BRITISH
SCHOOL
AL MANARA
PRIVATE
BRANCH 1
Al Muzdalifa
School

Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
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School
Al Amal KG
Al Ittihad School
Um Al Emarat
School
Maryam Bint
Omran School
Al Rahba School

School Model
Public

Mixed

AL SHAHAMA

Public

Boys

ABU DHABI
ISLAND

Public

Girls

AL SHAMKHA

Public

Girls

BANIYAS

Public

Girls

AL RAHBA

Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model

24.5247569800001

54.6847676900001

24.4615715100001

54.34321421

24.4087000000001

54.7315

24.2858008600001

54.6489986600001

24.5951000000001

54.7007

Al Ain list of public schools
School Name

Type

Gender

Location

Al Naeem School

Public

Girls

AL YAHAR

Al Refa'a School

Public

Co-Edu

AL HAYER

Al Badiya School

Public

Girls

AL WAGAN

Shaikah Bint Suroor
School

Public

Co-Edu

AL YAHAR

Neima School

Public

Co-Edu

NEIMA

Mohammed Bin
Khalid School

Public

Co-Edu

AL MUWAIJI

Al Jood School

Public

Co-Edu

AL SALAMAT

Al Maseera School

Public

Co-Edu

AL SHWAIB

Khalifa Bin Zayed
School

Public

Boys

AL JIMI

Remah School

Public

Boys

REMAH

Al Zayediya School Boys

Public

Boys

ZAKHIR

Al Ma'ahad Al Islami

Public

Boys

AL
MUTAWA'A

Sweihan School

Public

Boys

SWEIHAN

Public

Girls

HILI

Public

Girls

AL KHABISI

Public

Boys

ZAKHIR

Al Bedaa School

Public

Boys

Al La'alei School

Public

Girls

Nahel School

Public

Girls

Um Al Fadhel Bint
Al Hareth School

Public

Girls

AL YAHAR

Al Resala School

Public

Co-Edu

AL FAQA'A

Um Al Emarat
School
Shamma Bint
Mohamed School
Tahnoon Bin
Mohamed School

NAHEL
TOWN
AL
MUTAREDH
NAHEL
TOWN

Al Burooj School

Public

Co-Edu

ABU
KRAYYAH

Atika Bint Abdel
Muttalib School

Public

Girls

AL SAROOJ

Al Sawsan KG

Public

Mixed

AL SALAMAT

Al Ghadeer KG

Public

Mixed

AL
SHUAIBAH

Al Quaa KG

Public

Mixed

AL QUA'A

Al Nakheel KG

Public

Mixed

AL SAROOJ

Curriculum
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi

Latitude

Longitude

24.2333

55.5501

24.6037000000001

55.7555

23.6313000000001

55.5527000000001

24.194806

55.531571

24.10862

55.7048100000001

24.2077

55.7275000000001

24.2094000000001

55.5838000000001

24.7361000000001

55.7816000000001

24.2655929200001

55.7320998800001

24.2063283000001

55.33904991

24.1351318700001

55.6988783300001

24.2105497200001

55.75949274

24.46526763

55.33013557

24.28594653

55.77173951

24.2377000000001

55.7151000000001

24.1357

55.6977000000001

24.5103

55.4899

24.2291905500001

55.74038604

24.5196393200001

55.5381211700001

24.23352405

55.5520287400001

24.7163

55.6171000000001

23.87988096

55.3939765200001

24.2026288700001

55.77472392

24.2049000000001

55.5889000000001

24.16151998

55.6649941100001

23.4116701300001

55.42397257

24.1936725100001

55.7934477800001
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School Model
AL
TOWAYYA
FALAJ
HAZZA

Al Towayya KG

Public

Mixed

Al Ma'ali School

Public

Girls

Al Sadara School

Public

Boys

AL KHABISI

Al Salamat School

Public

Boys

AL SALAMAT

Hessa Bint Mohamed
School

Public

Girls

ZAKHIR

Bin Ham school

Public

Boys

AL WAGAN

Um Ghafa KG

Public

Mixed

UM GHAFFA

Al Dhahera School

Public

Boys

AL DHAHRA

Al Khazna School

Public

Boys

AL
KHAZNAH

Tifl Al Emarat KG

Public

Mixed

AL DHAHER

Al Showaib School

Public

Boys

AL SHWAIB

Al Tamayoz School

Public

Boys

FALAJ
HAZZA

Shakhbout Bin Sultan
School

Public

Boys

AL YAHAR

Hili School

Public

Girls

HILI

Al Taqwa KG

Public

Mixed

AL YAHAR

Al Bayan School

Public

Boys

AL FAQA'A
ABU
KRAYYAH
AL
MUTAREDH

Abu Krayyah School

Public

Boys

Sultan Bin Zayed
School

Public

Boys

Al Nahyaniya School

Public

Boys

AL JAHILI

Al Raqia School

Public

Co-Edu

AL
TOWAYYA

Al Hayar School

Public

Boys

AL HAYER

Al Quaa School

Public

Boys

AL QUA'A

Al Adel School

Public

Boys

AL YAHAR

Makka School

Public

Girls

AL KHABISI

Khaled Bin Al
Waleed School

Public

Boys

AL SAROOJ

Al Mabade School

Public

Co-Edu

AL
KHAZNAH

Al Wagan School

Public

Co-Edu

AL WAGAN

Al Ahd School

Public

Co-Edu

AL QUA'A

Al Dhaher School

Public

Boys

AL DHAHER

Al Hosoon School

Public

Girls

MEZYAD

Al Sumou School

Public

Co-Edu

UM GHAFFA

Al Sariya School

Public

Co-Edu

SWEIHAN

Um Ayman Bint
Thaalaba School

Public

Girls

FALAJ
HAZZA

Al Awael KG

Public

Mixed

AL YAHAR

Al Tafawoq School

Public

Boys

HILI

Al Rayaheen KG

Public

Mixed

MEZYAD

Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model

24.26127395

55.7055547300001

24.1884072

55.7394895400001

24.2235000000001

55.6899000000001

24.21133294

55.5963096400001

24.1381000000001

55.7069000000001

23.6389

55.5451

24.0995

55.9075

24.0005181000001

55.57120695

24.1675333100001

55.11533832

24.07569571

55.8429701100001

24.7415

55.7875000000001

24.19480695

55.73551058

24.2287000000001

55.5527000000001

24.2886904800001

55.7662378800001

24.22703159

55.5443393900001

24.7068230100001

55.6225542600001

23.8817684100001

55.40236093

24.2195966200001

55.7350687200001

24.2181748300001

55.75703588

24.2699000000001

55.7129

24.6024536

55.7611715100001

23.4149

55.4281

24.2277

55.5563000000001

24.2315505600001

55.68316021

24.1921

55.7911

24.1607949300001

55.13057138

23.6373598600001

55.5386762100001

23.41789299

55.42012091

24.08675986

55.86667621

24.0483

55.8435000000001

24.0996737

55.9096546700001

24.46529299

55.34251428

24.1853

55.7149000000001

24.2502910800001

55.5586249200001

24.30117533

55.7940321900001

24.0403000000001

55.8497
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Al Ataa School

Public

Co-Edu

AL DHAHRA

Al Ghaith School

Public

Girls

AL MAQAM

Al Ain School

Public

Boys

HILI

Al Hemma School

Public

Girls

AL MAQAM

Um Kulthoom School

Public

Girls

AL MAQAM

Al Talee'a School

Public

Co-Edu

REMAH

Al Zayediya School Girls

Public

Girls

ZAKHIR

Al Shiyam School

Public

Girls

UM GHAFFA

Maryam Bint Sultan
School

Public

Girls

AL
TOWAYYA

Al Jahili School

Public

Girls

AL JAHILI

Mezyad School

Public

Co-Edu

MEZYAD

Um Ghafa School

Public

Boys

UM GHAFFA

Al Khleef KG

Public

Mixed

HILI

Al Dewan KG

Public

Mixed

AL MUWAIJI

Al Muraijib School

Public

Girls

AL JIMI

Zakhir KG

Public

Mixed

ZAKHIR

Al Yahar KG

Public

Mixed

AL YAHAR

Al Bayraq School

Public

Boys

AL JIMI

Al Jimi KG

Public

Mixed

AL JIMI

Refaah School

Public

Co-Edu

AL YAHAR

Aalya School

Public

Co-Edu

AL YAHAR

Ahmed Bin Zayed
School

Public

Co-Edu

ZAKHIR

Al Shaheen School

Public

Co-Edu

AL FOAH

Al Tomooh School

Public

Co-Edu

AL BATEEN

Al Zayediya KG

Public

Mixed

NEIMA

Tariq Bin Ziad
School

Public

Boys

AL MAQAM

Al Maqam School

Public

Boys

AL MAQAM

Al Foaa School

Public

Girls

AL FOAH

Ali Bin Abi Taleb
School

Public

Boys

AL FOAH

Al Mesk KG

Public

Mixed

AL FOAH

Al Sa'ada School

Public

Co-Edu

AL QUA'A

Al Khair School

Public

Girls

AL YAHAR

Al Jana'en School

Public

Co-Edu

AL
SHUAIBAH

Al Naseem School

Public

Co-Edu

AL DHAHER

Al Joori KG

Public

Co-Edu

AL HAYER

Al Narjes School

Public

Co-Edu

AIN AL
FAYDA

Al Nebras School

Public

Boys

AL SALAMAT

Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model
Abu Dhabi
School Model

23.9983855400001

55.57256807

24.1879000000001

55.6255

24.2739

55.7641

24.1825000000001

55.6151

24.18656043

55.6212607400001

24.20338209

55.3321358200001

24.1407784

55.70400326

24.0992501600001

55.90588096

24.2586496600001

55.70596663

24.20845028

55.7480951200001

24.05393782

55.84248003

24.09189274

55.89701209

24.3124918

55.8009583

24.2251082

55.7228202900001

24.2533

55.7227

24.1217121500001

55.69258541

24.2312665600001

55.5681844700001

24.253367757

55.7247182200001

24.2587170300001

55.74062874

24.2482388830001

55.55593695

24.1964021900001

55.5337616200001

24.14679305

55.6907424500001

24.3455341600001

55.7909653630001

24.21335986

55.63707621

24.112611852

55.7104035680001

24.1819

55.6123000000001

24.1893928000001

55.62481803

24.3421000000001

55.7999

24.3391141500001

55.8014323100001

24.344142565

55.7925507590001

23.4196000000001

55.412828554

24.2299

55.555028554

24.160280964

55.6635475890001

24.083318612

55.84051298

24.604683804

55.7575451210001

24.0885000000001

55.7025904820001

24.2122716220001

55.587395735
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Emirates National
School
Emirates Private
School
Future International
School
International Private
School
International School
of Choueifat - Al Ain
Liwa International
Private School
Madar International
School
Mohammed Bin
Khaled Al Nahyan
Generations School
New Indian Model
School
Pakistani Islamic
Private School
Palestine Private
Academy
Bloom Academy Al
Ain
First Lebanon Private
School
Future International
Academy
Global English
School
Grace Valley Indian
School
Ibn Khaldoun Islamic
Private School
Indian School
Tawaam Model
Private School
The Gulf
International Private
Academy
Al Saad Indian
Private School
United School of Al
Yahar
Universal Private
School
Zakher Private
School
Oasis International
School
Our Own English
High School
Al Ain American
Private School
Manor Hall
International School
Abdullah Bin Zubair
Private School
Ain Al Khaleej
Private School
Al Adhwa Private
School
Al Dar Private
School
Al Dhafra Private
Schools-Al Ain
Al Ettehad Private
School
Al Hamadanya Grand
Private School
Al Ain Juniors

Private

Co-Edu

AL
TOWAYYA

International
Baccalaureate,
American

24.2584

55.6912

Private

Co-Edu

AL MUWAIJI

MoE,British

24.19186

55.70006

Private

Co-Edu

CENTRAL
DISTRICT

American

24.2124

55.7808

Private

Co-Edu

AL JAHILI

MoE

24.2141

55.7528

Private

Co-Edu

AL MUWAIJI

SABIS

24.20136

55.71342

American

24.1929

55.7105

American

24.2426

55.6872

FALAJ
HAZZA
AL
TOWAYYA

Private

Co-Edu

Private

Co-Edu

Private

Co-Edu

FALAJ
HAZZA

American

24.1879

55.71088

Private

Co-Edu

FALAJ
HAZZA

Indian

24.1929

55.7133

Private

Co-Edu

AL MUWAIJI

Pakistan

24.1949

55.7073

Private

Co-Edu

AL MUWAIJI

MoE

24.19417

55.70592

Private

Co-Edu

ZAKHIR

British

24.10482

55.68273

Private

Co-Edu

FALAJ
HAZZA

MoE

24.1983

55.72

Private

Co-Edu

AL SAROOJ

American

24.2001

55.80805

Private

Co-Edu

AL MUWAIJI

British

24.1931

55.7038

Private

Co-Edu

FALAJ
HAZZA

Indian

24.18665

55.71134

Private

Co-Edu

AL YAHAR

MoE

24.2255

55.5644

Private

Co-Edu

AL MUWAIJI

Indian

24.1963

55.7093

Private

Co-Edu

FALAJ
HAZZA

MoE

24.1976

55.7187

Private

Co-Edu

AL MUWAIJI

American

24.1935

55.7044

Private

Co-Edu

AL BATEEN

Indian

24.20124

55.60943

Private

Co-Edu

AL YAHAR

American

24.22804

55.56052

Private

Co-Edu

AL MUWAIJI

MoE,British

24.1981

55.7127

Private

Co-Edu

FALAJ
HAZZA

MoE,British

24.1933

55.7118

Private

Co-Edu

MEZYAD

Indian

24.04562

55.84043

Private

Co-Edu

AL MUWAIJI

British,Indian

24.197

55.7104

Private

Co-Edu

ASHAREJ

American

24.2027

55.6522

Private

Co-Edu

FALAJ
HAZZA

American

24.1995

55.7223

Private

Co-Edu

AL MAQAM

British

24.18713

55.62735

Private

Co-Edu

MoE,America
n

24.1941

55.7128

Private

Co-Edu

FALAJ
HAZZA
FALAJ
HAZZA

American

24.2006

55.7253

Private

Co-Edu

HILI

MoE

24.3189

55.7931

AL MUWAIJI

American,Brit
ish

24.2008

55.7183

Pakistan

24.18506

55.71221

MoE

24.1758

55.6764

British,Indian

24.19962

55.72423

Private

Co-Edu

Private

Co-Edu

Private

Co-Edu

Private

Co-Edu

FALAJ
HAZZA
AL
AGABIYAA
FALAJ
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Private School
Baraaim Al Ain
Private School
Dar al Uloom Private
School
Darul Huda Islamic
School
Emirates Falcon
International Private
School
Scientific Distinction
Private School
Al Ain English
Speaking School
Al Ain International
School
Al Ain Iranian
Private School
Al Andalus Private
Academy
Al Awa'il Private
School
Al Isra’a Private
School
Al Ittihad National
Private School - Al
Ain
Al Khalil
International Private
School
Al Nash'e Assaleh
Private School
Al Sanawbar Private
School
Al Seddeeq Private
School
Al Yaher Private
School
Aliaa International
School
Abu Dhabi Island Pvt
School
LIWA
INTERNATIONAL
SCHOOL FOR
GIRLS
AL TAKAMUL
PRIVATE SCHOOL
Al Manahil Private
School
GARDEN CITY
BRITISH SCHOOL
That Al Salasel
School

HAZZA
Co-Edu

AL MUWAIJI

MoE,America
n

24.2031

55.7222

Private

Co-Edu

AL
MARKHANIY
A

MoE

24.2362

55.6693

Private

Co-Edu

AL MUWAIJI

Indian

24.2018

55.7206

Private

Co-Edu

FALAJ
HAZZA

American

24.1901

55.7047

Private

Co-Edu

AL KHABISI

MoE

24.2349

55.6967

Private

Co-Edu

AL MUWAIJI

British

24.1926

55.7017

Private

Co-Edu

CENTRAL
DISTRICT

British

24.2151

55.7828

Private

Co-Edu

AL MUWAIJI

Iranian

24.1933

55.7055

MoE

24.2009

55.7265

MoE

24.2005

55.7247

Private

FALAJ
HAZZA
FALAJ
HAZZA

Private

Co-Edu

Private

Co-Edu

Private

Co-Edu

AL KHABISI

MoE

24.2343

55.6958

Private

Co-Edu

FALAJ
HAZZA

American

24.1914

55.7102

Private

Co-Edu

FALAJ
HAZZA

MoE

24.1992

55.7215

Private

Co-Edu

AL
TOWAYYA

American

24.2697

55.7144

Private

Co-Edu

AL MUWAIJI

American

24.1975

55.7113

Private

Co-Edu

CENTRAL
DISTRICT

MoE

24.2299

55.7568

Private

Co-Edu

AL YAHAR

MoE,British

24.2284

55.5618

Private

Co-Edu

AL DHAHER

American

24.09904

55.83142

Private

Co-Edu

AL
TOWAYYA

American

24.26064

55.70383

Private

Co-Edu

AL BATEEN

American

24.21341

55.63459

Private

Co-Edu

AL KHABISI

American

24.23012

55.70248

Private

Co-Edu

AL MUWAIJI

British

24.2017

55.7193

Private

Co-Edu

FALAJ
HAZZA

British

24.1917

55.7113

24.1982787100001

55.79780708

24.2043

55.7957000000001

24.2157

55.6375

24.1913000000001

55.6329000000001

24.2037

55.5881000000001

24.0851000000001

55.8615

24.51267132

55.49502849

23.4103576100001

55.42590025

Public

Girls

AL SAROOJ

Ibn Khaldoon School

Public

Boys

AL SAROOJ

Al Dahmaa School

Public

Boys

AL BATEEN

Al Sho'aa KG

Public

Mixed

AL MAQAM

Salama Bint Butti
School

Public

Girls

AL SALAMAT

Al Durra KG

Public

Mixed

AL DHAHER

Atfal Al Hilal KG

Public

Mixed

NAHEL
TOWN

Al Danat School

Public

Girls

AL QUA'A
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